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ABSTRACT 


Several uranium deposits are present in the Fall River sandstone of 
Early Cretaceous age on the northeast flank of the Black Hills, Butte 
County, South Dakota. The deposits are within a fine-grained, well- 
sorted, persistent basal sandstone unit that ranges in thickness from 2 to 18 
feet and dips about 4° NE. 

Detailed mapping of about 2 square miles surrounding the deposits has 
shown that all the uranium occurrences and most of the areas of high 
radioactivity are where the color changes in the basal sandstone from red- 


1 Publication authorized by the Director, U. S. Geological Survey. 
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dish on the up-dip side of the occurrences to yellowish-gray or buff down- 
dip. Radioactivity measurements show that yranium is distributed almost 
continuously along the sinuous red-buff contact for more than 5 miles. 
Laboratory work indicates that the red color is caused by hematite result- 
ing from the alteration of ferrous iron minerals and hydrous ferric oxides. 

The close association of the red-buff contact and the uranium deposits 
suggests that the two were formed by the same solutions. The uranium 
was probably deposited originally from ground water that moved down-dip 
and gradually changed from an oxidizing solution near the surface to a 
mildly reducing solution at depth. Concentrations of uranium have re- 
sulted from the localization of reducing conditions caused perhaps by struc- 
tures superimposed on the regional dip, local thinning or decrease in 
permeability of the sandstone, or concentrations of pyritiferous carbona- 
ceous material. 

The red alteration is probably the result of pre-Oligocene weathering 
that has extended downward in the more permeable beds about 200 feet 
below the ancient erosion surface. 

Oxidation of the primary uranium during the present weathering cycle 


has resulted in the formation of carnotite and possibly other secondary 


uranium minerals. 
INTRODUCTION 


ABNORMAL radioactivity in southwestern Butte County, South Dakota, was 
first detected in August 1953 by light-plane airborne reconnaissance conducted 
by the U. S. Atomic Energy Commission. Later, ground reconnaissance by 
geologists of the Commission and prospectors resulted in the discovery of 
several small sandstone-type uranium deposits. During the winter of 1953-54, 
about 450 tons of rock containing between 0.1 and 0.2 percent uranium was 
mined from one of the deposits (Kling No. 2), and about 8 tons of similar- 
grade material was mined from the Bonato deposit. There has been no addi- 
tional production from the area to date. 

During August 1954, about 2 square miles surrounding the Kling and 
Bonato uranium deposits were mapped by the U. S. Geological Survey with 
plane table and alidade at a scale of 1 : 2,400 to determine ore controls that 
might be used as guides to find additional deposits. 

Location and General Features——The area of investigation is shown in 
Figure 1. The locality is on the northeast flank of the Black Hills uplift, 
about 6 miles west of Belle Fourche, and includes parts of secs. 23, 24, 25, and 
26, T.8 N., R. 1 E., Butte County, South Dakota. 

The area has a slightly undulating surface that slopes gently to the north- 
east and is dissected by numerous small canyons generally less than 150 feet 
deep. The average surface elevation is about 3,400 feet, and the total relief 
in the mapped area is about 900 feet. 


GEOLOGY 


The general geology is relatively simple. The basal sandstone unit of the 
Lower Cretaceous Fall River sandstone of the Inyan Kara group forms an 
almost continuous outcrop along the canyon sides and rims. The Fuson shale, 
which underlies the Fall River sandstone, crops out in the lower parts of the 
canyons. ‘The general stratigraphy of the area and a typical section in one 
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of the numerous small canyons are shown in Figure 2. The rocks dip about 
4° NE and dip-slope surfaces are developed on sandstone beds of the Fall 
River sandstone in the intercanyon areas. 

Fall River Sandstone——The most persistent unit in the Fall River sand- 
stone is the basal sandstone, which ranges from 2 to 18 feet in thickness but 
generally is from 6 to 10 feet thick, and is composed of fine-grained, massive, 
generally uniformly bedded buff to red sandstone. Size analyses show that 


the sand is well sorted; more than 95 percent of the grains are fine sand (14 
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to 4 mm) and very fine sand (14 to 4 mm) ; the remainder is silt and clay. 
Carbonaceous plant fragments are locally abundant in small lenses or along 
bedding planes. Vertical holes, a few millimeters in diameter, some of which 
are partly filled with carbonaceous material, were observed in the upper few 
inches of the basal unit, and these may represent a carbonized root system. 
A thin bed of shaly lignite, a few inches to 1 foot thick, overlies the sandstone. 

The lithology of the Fall River sandstone above the shaly lignite consists 
mainly of variable amounts of impure sandstones, siltstones, and shales. 
About 1 mile southeast of the Bonato ranch (Fig. 3), the upper part of the 
Fall River sandstone is well exposed and consists of 32 feet of gray to buff 
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siltstone and shale that contains a few thin beds of limestone from one-half 
inch to 5 inches thick near the top. The contact with the overlying dark-gray 
fissile Skull Creek shale was not observed. The thickness of the Fall River 
sandstone ranges from about 35 to 55 feet, depending largely on the thickness 
of a bluff to reddish-brown cross-bedded sandstone as much as 30 feet thick 


that in places is present in the upper part of the formation. 
] 


Uranium Deposits—All the uranium occurrences in the mapped area are 
in the basal sandstone unit of the Fall River sandstone except at the Bonato 
mine, where small quantities of carnotite were found in sandstone immediately 
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FIGURE 2-GENERAL STRATIGRAPHIC SECTION, AND A TYPICAL COLUMNAR 
SECTION IN AREA OF INVESTIGATION, BUTTE COUNTY, SOUTH DAKOTA 


above the shaly lignite which overlies the basal strata. However, the carnotite 
above the basal sandstone unit was localized along joints (oral communication 
from Clyde Boyle, mine operator) and may have been derived from the under- 
lying sandstone by solution and redeposition. 

Carbonized wood fragments are conspicuous at most of the carnotite oc- 
currences. Carnotite is present as small pulverulent masses, as much as one- 
fourth inch in diameter, in carbonized wood fragments and as disseminations 
interstitial to, or coating, sand grains. The disseminated carnotite is com- 
monly present in thin seams parallel to the bedding. The identification of the 
carnotite was confirmed by X-ray powder photographs. 
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With the exception of the Kling No. 2 mine (Fig. 3), where about 450 tons 


of ore was removed, all the uranium occurrences are small, and only a few 
tons of ore-grade material were evident from most of the surface exposures. 


ALTERATION OF SANDSTONE 


Pink sandstone associated with uranium deposits was first recognized by 
Sales (1, p. 221) in the southern Black Hills. In general, the pink sandstone 
is there restricted to the immediate vicinity of the uranium deposits; but, in 
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Fic. 3. Geologic map of the basal sandstone unit of the Fall River sandstone 
showing relationship of color change to radioactivity anomalies and uranium mineral 
occurrences, T. 8 N., R. 1 E., Butte County, South Dakota. 


the northern Black Hills, in the area of this investigation reddish Fall River 
sandstone underlies several square miles or perhaps tens of square miles. 
Although it was realized from the previous work of Bell and Bales that the 
red sandstone might have some relationship to the uranium occurrences, the 
nature of this relationship was not appreciated until detailed mapping of the 
area had started. It then became apparent that most of the known uranium 
occurrences and radioactivity anomalies were in buff to gray sandstone im- 
mediately down dip from reddish altered sandstone. Both the buff and red 
sandstone are within the basal sandstone unit of the Fall River sandstone. 
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Nature of the Red-Buff Contact—tIn most of the mapped area (Fig. 3) 
the color of the basal sandstone unit of the Fall River changes from gray 
(yellowish gray, 5Y 7/2; to grayish yellow, 5Y 8/4) ? to reddish (grayish 
orange pink, 5YR 7/2; pale red 10R 6/2; to pale reddish brown, 10R 5/4) 
within a horizontal distance of several feet or a few tens of feet. Commonly 
the contact between dominantly red and dominantly buff sandstone can be 
located within about 30 feet. Size analyses of both the red and buff sand- 
stones at the Kling No. 2 mine showed no significant differences. A cross- 
section of a typical red-buff contact in the basal sandstone unit of the Fall 
River sandstone is shown in Figure 4. The more intense red color of the 
altered sandstone is near the red-buff contact. 
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Cross-section showing relationship of red-buff contact to 
carnotite-bearing sandstone. 


Reddish color (pale red) was observed in the basal unit of the Fall River 
sandstone continuously for more than 1 mile to the southwest up dip from 
the red-buff contact. Reddish sandstone of the same sandstone unit was also 
observed a few miles both to the northwest and to the southeast of the mapped 
area. 


In detail the reddish coloration of the sandstone at the red-buff contact 
cuts across the bedding and commonly extends farther down dip near the base 
of the sandstone. The red sandstone is believed to represent altered buff 
sandstone for the following reasons: 


2 Rock Color Chart designations, National Research Council. 
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a. The basal unit of the Fall River sandstone is predominantly buff to gray 
where it is exposed on the northeast flank of the Black Hills (from 
Rapid City to Belle Fourche). 

The red-buff contact cuts across the bedding and the red sandstone is a 
uniform color as contrasted with the color differences of adjacent beds 
in the buff sandstone. 

At several localities in the mapped area, color bands of various shades of 
red are parallel to the red-buff contact, and the more intense red color 
is near the red-buff contact. 


Mineralogy of the Red and Buff Sandstones.—Laboratory study of the Fall 
River sandstone suggests that the red color is probably the result of the altera- 
tion of ferrous iron minerals and yellowish brown hydrous iron oxides to red 
hematite. 

The relative total iron content in each of several samples of red, buff, and 
gray sandstone was determined by X-ray fluorescence, and the red color is 
not a function of the total iron present. The total iron present in the samples 
ranges from 0.1 to 0.5 percent. (Spectrographic analyses by K. E. Valentine 
and N. M. Conklin, U. S. Geological Survey. ) 

Samples of buff and gray sandstone were heated with a Meeker burner to 
about 600° C for 20 minutes. The red colors produced by the heating were 
almost identical to the red colors in the natural red sandstones. 


This sug- 
gests that the red color in the basal unit of the Fall River sandstone resulted 
from the alteration of hydrous ferric oxides, and ferrous iron compounds, to 


hematite. Heavy-mineral determinations show abundant magnetite in the 
heavy minerals from the buff sandstone, whereas practically no magnetite was 
found in samples of red sandstone. With the exception of the iron oxides, no 
differences in mineralogy were noted between samples of nonuraniferous buff 
and red sandstone. 

Relationship of Uranium Mineralization to the Red-Buff Contact.—All the 
uranium occurrences that have been found in the area of this investigation are 
immediately adjacent to the red-buff contact and with one exception are in 
buff sandstone. Three previously unknown occurrences of carnotite were 
found on the basis of the red-buff color change. Abnormal radioactivity 
(greater than 10 times background) was detected with a scintillation counter 
at practically all outcrops of the basal sandstone unit of the Fall River sand- 
stone that showed the red-buff contact. About 32 radioactive localities were 
found at these outcrops, which are distributed along the sinuous contact be- 
tween red and buff sandstone for about 5 miles. Abnormal radioactivity was 
also detected at a red-buff contact in Fall River sandstone about 1 mile north- 
west of the mapped area on the north side of Hay Creek valley. Southeast 
of the mapped area for at least 2 miles the red-buff contact was not observed; 
ali outcrops noted of the basal unit of the Fall River sandstone were red. 

Relationship of the Red-Buff Contact to Structure-—As shown in Figure 
5, the red-buff contact in general parallels the strike of the regional dip but 
in detail cuts across the smaller structures. Mapping in the area indicates 
that small structures have exerted little control of the red coloration in the 


4 
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sandstone. An exception to this is in the SW sec. 25, where unaltered buff 
sandstone occupies a structural trough that trends northeast. 

Relationship of Thickness to Red-Buff Contact and Uranium Deposits.— 
The thickness of the basal sandstone unit of the Fall River sandstone was 
measured at most outcrops where the full thickness was exposed. In the 
northwestern half of the mapped area, which includes all of the Kling deposits, 
no relationship of thickness to the uranium occurrences is apparent. The 
basal sandstone in this area is from 8 to 13 feet thick. In the southeastern 
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Fic. 5. Relationship of structure to red-buff color change 
(Area shown is the same as that in Fig. 3.) 


half of the mapped area, many of the radioactivity anomalies and all the 


carnotite occurrences (except at the Bonato mine) are in sandstone generally 
> » 


less than 5 feet thick. Exposures are commonly poor where the basal sand- 
stone unit is thin, therefore its thickness could only be approximated in many 
places. 

In general, where the basal sandstone unit is thick (more than about 5 
feet) the red-buff contact is found farther down dip than in areas where the 
sandstone is thin (less than about 5 feet). This relationship would be ex- 
pected if ground waters moving down dip have caused the alteration. 

Relationship of Uranium Deposits to Structure—Minor structural features 
may have localized some of the uranium deposits. At the Kling No. 4 mine 
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there is a local flattening of the regional dip; and for about 100 feet, measured 
perpendicular to the regional dip, there is a slight reversal of dip. The Kling 
No. 2 mine, about 200 feet down dip from the Kling No. 4 mine, and the Kling 
No. 3 mine are also on small structural terraces. Several of the other uranium 
occurrences appear to be where the dip is less steep or are immediately down 
dip from such areas. 

The relationship between uranium deposits and structure is not marked, and 
the structural relationship noted above may be fortuitous. However, it may 
be significant that the largest uranium deposit (Kling No. 2) and the most 
widespread high radioactivity are down dip from the only observed reversal 
of dip found near the red-buff contact. Other uranium deposits of comparable 
size may not be present because other favorable structures are lacking. 


ORIGIN OF THE URANIUM DEPOSITS 


The red alteration described in this paper may have significance relative 
to the origin of the uranium deposits. If one assumes that the uranium was 
deposited from the same solutions that produced the red alteration—and the 
close association of the uranium with the red-buff contact strongly suggests 
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IRON AS APPLIED TO THE RED-BUFF CONTACT 


this—then the uranium-bearing solutions moved generally down-dip. This 
direction would also be expected of normal ground-water flow in the area. 
Because most of the uranium was deposited not in the red sandstone but 
immediately down-dip from the red-buff contact, alteration and uranium 
deposition probably occurred under different chemical conditions. Both field 
and laboratory evidence suggest that the uranium was transported in the 
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hexavalent state and deposited as pitchblende from downward-moving solu- 
tions that underwent reduction. Oxidation of the pitchblende during the 
present weathering cycle has resulted in the formation of carnotite and possibly 
other secondary uranium minerals. 

The stability fields of uranium and iron minerals are consistent with this 
theory. Figure 6 shows the fields of stability of uranium and iron minerals 
as applied to the red-buff contact at a pH of 7. Similar relations would exist 
at other pH values. These relations suggest that pitchblende or perhaps 
coffinite was the original stable uranium mineral deposited because U** oxide 
(pitchblende) would be the stable uranium mineral in the buff sandstone that 
contains dominantly ferrous iron minerals below the zone of oxidation. 

Because the stability fields of ferric oxide and U** oxide overlap only within 
a narrow range of Eh values that are more reducing than conditions usually 
found under near-surface oxidizing conditions, it is reasonable to assume that 
the uranium was transported in the hexavalent state. 

A laboratory experiment was conducted to determine the oxidation poten- 
tial (Eh) and pH of waters in equilibrium with samples of both the buff and 
red sandstones. The samples of sandstone were sealed in glass containers 
with sufficient water to cover the samples. The Eh and pH of the solutions 
were measured after a period of six months with the following results : 

pH Eh (volts 
Buff sandstone 6.80 +.084 
Red sandstone 6.85 +-.370 

The above results, which show a much lower oxidation potential in the 
buff sandstone than in the red sandstone, are consistent with the theory of 
origin outlined above and suggest that natural waters in equilibrium with the 
red and buff sandstones would have similar relative oxidation potentials. Al- 
though the Eh of the buff sandstone is not within the theoretical stability 
field of pitchblende, the samples of sandstone were taken from weathered out- 
crops and therefore the Eh values obtained from the buff sandstone may be 
considerably higher than those existing below the present zone of oxidation. 

The lower oxidation potential in the buff sandstone is probably due in part 
to the larger ratio of ferrous iron to ferric iron in the buff sandstone than in 
the red sandstone. Carbonaceous material was not observed in the red and 
buff sandstone samples and therefore carbonaceous material is probably not 
responsible for the lower Eh in the buff sandstone. 

Several experiments were conducted to determine the probable cause of 
environments sufficiently reducing to precipitate pitchblende in sediments. 
Samples of water-saturated carbonaceous material from the Fall River sand- 
stone that were sealed in glass containers showed relatively high Eh values 
after a period of from 1 to 18 months. However, samples of water-saturated 
pyrite from the same carbonaceous material produced very low Eh values. 
The results are tabulated below: 


pH Eh (volts) 
Carbonaceous material with 
most of pyrite removed 4.1 0.436 
Pyrite from above carbonaceous 
material —0.040 
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These results, although preliminary, suggest that pyrite may be a primary 
control for the localization of uranium deposits and that the association of 
carbonaceous material with uranium deposits may be due to the reducing en- 
vironment caused by pyrite contained in the carbonaceous material. It is of 
interest to note in the above table that the pH and Eh values for the water- 
saturated pyrite are within the theoretical stability field of pitchblende as de- 
termined by Garrels (3, p. 1017). 

Although pyrite was not observed in specimens of carbonaceous material 
or sandstone from the Fall River sandstone in the area of investigation, 
pseudomorphs of goethite after pyrite were found in the basal unit of the Fall 
River sandstone, and abundant secondary gypsum, possibly derived from 
pyrite, is present in the weathered outcrops of carbonaceous beds. Abundant 
pyrite, probably of syngenetic origin, is present in unoxidized drill-core samples 
of Fall River sandstone from several areas in the northern Black Hills. 

Several different geologic conditions may have been effective in producing 
a sufficiently reducing condition for the precipitation of pitchblende. Ground 
water moving downward along a permeable bed would become more reducing 
through oxidation of various elements with which it comes in contact. This 
usual change from oxidizing to reducing conditions would in many cases occur 
over a large area and therefore would not be effective in localizing and con- 
centrating uranium deposits. Localization of the reducing environment, to 
produce concentrations of pitchblende, would be necessary and could be caused 
by structural features such as terraces or small domes. On these structures, 
if the permeable bed were not saturated, there might be a local decreased rate 
of flow which would allow time for the solution to reach equilibrium with 
pyrite or other ferrous iron minerals and to become sufficiently reducing to 
precipitate uranium. A continual flow of water through the rock would es- 
sentially dilute the reducing capacity of any reducing material present; but if 
the flow were hindered or stopped, an area could be formed, within which 
conditions were sufficiently reducing for the reduction of hexavalent uranium. 
Local thinning of the sandstone or decrease in permeability could also inhibit 
the flow of ground water. Uranium ions moving into such an environment 
would then be deposited as pitchblende. Concentrations of carbonaceous ma- 
terial, especially those containing abundant pyrite, could cause localized re- 
ducing conditions. 

The information concerning the origin of the uranium occurrences in the 
area of this investigation is summarized below : 


1. The uranium-bearing solutions are believed to have moved generally 
down dip. 

2. Alteration of buff sandstone to red sandstone is believed to have been 
nearly contemporaneous with the uranium deposition and this suggests that 
primary uranium was deposited during the change of the solutions from 
oxidizing to reducing. 

3. Laboratory evidence suggests that ground water in equilibrium with 
the red sandstone has a much higher oxidation potential than ground water 
in equilibrium with the buff sandstone. 
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4. Concentrations of primary uranium have resulted from localizations of 
reducing conditions. (Carnotite has formed by oxidation of the primary 
uranium during the present weathering cycle. ) 

5. Pyrite-bearing sandstone and pyritiferous carbonaceous material are 
effective in producing an environment sufficiently reducing for the precipita- 
tion of pitchblende. 

6. Structures such as terraces or domes superimposed on the regional 
dip, local thinning or decrease in permeability, or concentrations of pyritiferous 
material may have been effective in localizing the reducing environment. 


The evidence cited above justifies the conclusion that the uranium de- 
posits have formed by the action of ground waters. However, the origin of 
] 


the uranium in the ground water presents a separate problem and one which 


is closely related to the origin of the red altered sandstone. 


ORIGIN OF THE RED ALTERATION 


The red altered sandstone is probably the result of pre-Oligocene weather- 
ing. An altered zone below the base of the Oligocene has been recognized 


by several workers. Tourtelot (4, p. 80) states: 


Throughout large areas of the Great Plains in Nebraska and South Dakota, the 
predominantly shaly marine strata of Late Cretaceous age are overlain by tuffaceous 
sandstone and claystone of the Chadron formation at the base of the White River 
group of Oligocene age. A conspicuous feature of the unconformable contact be- 
tween these two sequences is a brightly colored zone of altered Cretaceous shales 
beneath the Chadron 

The zone is as much as 50 feet thick and is present everywhere except where 
channels were cut through it prior to the deposition of the Chadron formation. The 
altered shale ranges in color from nearly white through shades of yellow to orange 
brown, and purple. Red streaks are common, and oxides of iron coat joints and 
bedding planes 

After detailed work on the weathered zone, Dunham (2, p. 8) found that 
the upper part of the weathered zone exhibits the chemical, mineralogical, and 
textural characteristics of a maturely developed soil. 

Although rocks of White River age are not present in the immediate 
vicinity of the area of investigation, small outliers of pebble conglomerate, 
believed to be of White River age, rest unconformably on the Fall River sand- 
stone in several localities in the northern Black Hills; in the area of investiga- 
tion the pre-White River erosion surface was probably only about two hun- 
dred feet above the present bedrock surface. The red-buff contact may be 
the extension, down dip in the more permeable beds of the lowermost zone 
of a soil profile which was developed on pre-Oligocene strata. 

Red alteration is not restricted to the Fall River sandstone in the northern 
Black Hills. For example, the Hulett sandstone member of the Upper 
Jurassic Sundance formation is also altered red for a considerable distance 
down-dip from the pre-White River erosion surface that was locally de- 
veloped on the Hulett sandstone member on the north and west flanks of the 
Bear Lodge Mountains. The Bear Lodge Mountains are about 20 miles 
southwest of the area of investigation. 





{NDSTONE AS GUIDE TO URANIUM DEPOSITS O11 
SOURCE OF THE URANIUM 


The source of the uranium and associated elements is unknown. How- 


ever, the author believes that these elements have been derive d from dispersed 


sources in the sediments which have been eroded. Some of the uranium may 


have come from the altered part of the Fall River sandstone. There is no 
evidence to indicate that hydrothermal solutions have played a part in the 


i 


origin of the uranium deposits. On the contrary, the available information 
concerning the behavior of uranium during weathering processes suggests 
that weathering of a slightly uraniferous rock coupled with a suitable reduc 


ing environment below can adequately account for the deposits. 
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ABSTRACT 


Germanium occurs as germanite and reniérite in the hypogene copper- 
lead-zinc ore body at Tsumeb, South West Africa. The principal hypo- 
gene sulfides that constitute the germanium-bearing ore are galena, ten- 
nantite, enargite, digenite, bornite, chalcopyrite, sphalerite, and pyrite 
The two germanium-bearing sulfides are associated chiefly with galena, 
tennantite, and sphalerite and are mutually associated in large part on a 
microscopic scale. 

Microtextural relationships show that germanite was one of the earliest 

minerals formed in the sequence of hypogene sulfide deposition and that 
reniérite was introduced later principally by replacement of the germanite 
and subordinately by replacement of the host rock. Replacement of ger- 
manite by an equal volume of reniérite requires an addition of iron and 
the corresponding removal of an approximately equivalent amount of ger- 
manium. The intimate association of early germanite and relatively late 
reniérite provides an example of the mineralogical redistribution of ger- 
manium induced by changing hypogene conditions. 
X-ray and mineralographic data assembled from the literature support 
the hypothesis that some of the reported occurrences of “orange bornite” 
are actually occurrences of reniérite. In any exploration program for 
germanium, it would perhaps be expedient to re-examine those ores in 
which “orange bornite” is known to occur 


INTRODUCTION 


THE Tsumeb mine in the northern part of the Otavi Mountains of South West 
Africa has been and will probably continue to be one of the greatest base- 
metal producers in the world. Within the last three years a greatly increased 
demand for germanium by the electronics industry has stimulated interest in 
the possibility of recovering germanium from the massive base-metal sulfide 


1 Presented before the Society of Economic Geologists, Annual Meeting, Los Angeles, 1954. 
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ores at Tsumeb in which significant amounts of this now valuable element are 
known to occur. This paper represents some of the results obtained through 
the efforts of the Tsumeb Corporation to determine the mineralogical and 
spacial distribution of the germanium in the Tsumeb ore body and to evaluate 
the concentratability of the germanium in the sulfide ore. 

An excellent detailed account of the geology and ore deposits of the Tsumeb 
area is available in a paper by Schneiderhohn (18), and an up-to-date résumé 
of the geologic setting of the Tsumeb mine was contributed recently by 
Sohnge (21). In brief, the ore body is a highly irregular but roughly pipe- 
shaped mass of sulfides that is localized in one limb of a syncline in a folded 


dolomite formation. In several discontinuous sections along its plunge, the 


ore body is not a solid mass of sulfidic ore but a shell of variable thickness, the 
core of which is a rock of controversial origin. The latter was considered to 
be a magmatic aplite by SchneiderhOhn (18) and has been called “pseudo- 
aplite” by Sohnge (21) who points out that there is evidence for a sedimentary 
origin as well. The ore minerals replace both the dolomite and the pseudo- 
aplite and appear to have been introduced principally by metasomatism. How- 
ever, the position of the ore body within the dolomite strata appears to have 
been controlled by several local bedding-plane shear zones connected by oblique 
fractures. The Tsumeb ore body has been explored about 2,600 feet along its 
plunge and its lower limits have not yet been determined. In fact, according 
to Sdhnge (21) the Tsumeb ore body attains its greatest known size on the 
2,390-foot level where it is elliptical in horizontal projection with major and 
minor axes of 600 feet and 250 feet, respectively. The principal hypogene 
sulfide minerals are galena, sphalerite, tennantite, enargite, bornite, and dige- 
nite; subordinate hypogene sulfide minerals are pyrite, chalcopyrite, and ger- 
manite. Supergene sulfides are chalcocite and covellite. The oxidized zone 
is world renowned for its remarkable suite of secondary minerals of copper, 
lead, zinc, vanadium, and cadmium, many of which are either very rare or 
known only from Tsumeb. 

The occurrence of germanium and its mineralogical expression as ger- 
manite in the sulfide zone of the copper-lead-zinc ore body at Tsumeb, South 
West Africa, has been known for about thirty years through the work of 
Schneiderhohn (18), Pufahl (16), Kriesel (4, 5), and Thomson (22). In 
1930, DeJong (1) investigated the crystal structure of germanite by X-ray 
diffraction methods, and several years later Moritz (10) completed a detailed 
paragenetic and spectrographic study of the sulfide minerals in the Tsumeb ore 
body between its surface exposure and the 1,375-foot level. Murdoch in 1953 
(12) made an X-ray investigation of germanite, reniérite, and colusite, and 
showed that these minerals are essentially isostructural and probably pseudo- 
isometric. 

Recent studies at the Tsumeb mine by Geier have disclosed the presence 
of a second germanium-bearing sulfide in the Tsumeb ore body. The purpose 
of this paper is to record some observations on the genetic relationships of the 
two known germanium-bearing sulfides in the Tsumeb mine, and their relative 
positions in the sequence of hypogene sulfide deposition. 
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The conclusions in this paper are based primarily on the results of de- 
tailed mineralogical studies of (1) a sample of germanium-rich ore from the 
2,390-foot level of the Tsumeb mine, (2) a sample of the copper concentrate 
produced at the Tsumeb pilot-plant in April, 1952, and (3) magnetic fractions 
of this copper concentrate obtained with a Frantz Isodynamic Separator. 


MINERALOGICAL DISTRIBUTION OF GERMANIUM IN THE HYPOGENE SULFIDE ORE 


The mineral germanite is unique in that its only known occurrence is the 
Tsumeb mine. However, Geier has discovered that germanite is not the only 
germanium-bearing sulfide in the Tsumeb ore. On the 2,390-foot level of the 
Tsumeb mine, which is in the hypogene sulfide zone, he found microscopic 
grains of a distinctive copper-iron-germanium sulfide associated principally 
with galena, tennantite, germanite, and sphalerite and subordinately with bor- 
nite, chalcopyrite, chalcocite and pyrite. A few sporadic grains that could be 
recognized with a hand lens were observed, but none of these exceeded 1 mm 
in diameter. Germanium assays of this mineral range from 4.5 to 5.5 per- 
cent depending at least in part on the degree of contamination of the sample 
with either other sulfides and/or the carbonate host rock. Germanite, on the 
other hand, contains approximately 14 to 1} times as much germanium. 

At first, Geier tentatively regarded this unknown germanium mineral as a 
new species which he designated “Mineral X,” and Sclar tentatively correlated 
the mineral on the basis of its mineralographic properties with a poorly defined 
copper-iron sulfide known as “orange bornite’”’ described by Murdoch (11, p. 
64), Orcel (13), Merwin and Lombard (9), Harcourt (3, p. 105) and Ram- 
dohr (17, p. 336). However, Murdoch (12) subsequently showed by means 
of X-ray analysis that the germanium mineral in question is essentially iden- 
tical with reniérite, a copper-iron-germanium sulfide, which was formerly 


known only from the Prince Leopold mine at Kipushi, Belgian Congo. Chemi- 


~ 


cal analyses of germanite and reniérite are assembled in Table 1. The min- 


eralographic properties, mode of occurrence, and mineral associations of ger 
manite, reniérite, and “orange bornite” from all reported occurrences known to 
the authors are summarized in Table 2. Detailed mineralographic data on 
germanite are available in standard reference works by Schneiderhéhn and 
Ramdohr (19); Short (20), and Uytenbogaardt (24 Chere is no descrip- 


tion of germanite in the recent work by Ramdohr (17 


POSSIBLE EQUIVALENCE OF RENIERITE AND “ORANGE BORNITE” 


Now that the equivalence of the second germanium-bearing sulfide in the 


Tsumeb ore and reniérite from the Belgian Congo has been established, it is of 


interest to review briefly the events that led to the recognition of reniérite as 
(23 


a mineral species. In 1928, Thoreau described a magnetic mineral, 
which he called “orange bornite,” in the sulfide ore from the Prince Leopold 
Mine at Kipushi. Several years later Legraye (7) re-examined the magnetic 
“orange bornite” of Thoreau and concluded that it was chalmersite (cubanite). 
Orcel (13) reported that reflectivity measurements on the “orange bornite”’ 


from Vaulry, France, do not support Legraye’s correlation of ‘orange bornite” 
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with chalmersite, and stated that the “orange bornite” from Vaulry appears 
to have optical properties comparable with those of the synthetic compound 
Cu,FeS, which was discovered by Merwin and Lombard (9). Additional 
mineralographic and textural data on the “orange bornite” in the ore from the 
Prince Leopold Mine were contributed by Masuy (8). Later, a restudy of 
the “orangite bornite” from the Prince Leopold Mine was made by Vaes (25 
who analyzed the mineral and found that it contained approximately 7.7 per- 


) 


TABLE 1 


CHEMICAL ANALYSES OF GERMANITE AND RENIERITI 


Germanite 


Fe,Ge.Zn.Ga)(S.As 


Cu $2.12 45.39 

Fe 7.80 456 

Ge 10.19 8.70 

Ga 1.85 0.76 

Zn 3.93 2.58 

Pb 0.96 0.66 0.69 

on 

As 7 5.03 

S 3 31.34 30.48 
SiOe 0.75 

Rem 5.96 
Total ( ( 99.24 98.98 2 98.62 99.50 


Chemical formulas for germanite and reniérite after Lambot (6 yased on stru 
siderations and the four analyses of reniérite given by Vaes (25 


1. Germanite, Tsumeb, South West Africa. Klemm’s analysis in Moritz (10 Ac 
to Murdoch (12), Moritz stated that the analyzed sample contained an estimated 20% of tennant- 
ite. Murdoch points out, however, that this is impossible because even if all the arsenic present 
is attributed to tennantite, it is equivalent to only 6.75% of tennantite Murdoch also recalcu- 
lated the analysi yunt for this contamination A study of Moritz’s paper revealed that 
Moritz report iat the analyzed sample was obtained by carefully removing material fr 
polished surface under the microscope, although slight contamination with galena was r¢ 
Accordingly, it i ncluded that Klemm’'s analysis is the one made on the 
and that rec ng V nalysis to ccount for ¢ nination by ennantite 
Probably, Murdoch meant to refer to the analysi g by ifahl (16 in 
of this paper \ was reportedly made on a pl yntaminated with tennantite 

2. Germanite imeb, South West Africa ri l nalysis in Kriesel (5) who states that 
the analysis was 1 l n 50-gram samples which were probably contaminated with tennantit 
and pyrite I emainder reportedly consists of % of Mo, 0.184% of WOs, 0.122 
CaO, 0.136‘ yf vf Cd, 0.055% of MgO, 0 & of Mn, 0.013% of Co, 0.005 
and Au, 0.004 f und 0.001 i 

mal eb, South West ric Pufahl's an 
that t nalyz sample was contaminated with about 20% nnantit 
, South West Afric Todd's analysis in Thomson 

that the analyze: mple v ontaminated with about 17% of pyrite and 5 


determined by micrometric analysis of briquetted and polished grains 
5-8. Reniérit rince Leopold Mine, Kipushi, Belgian Cong: Bracq's analyses in Vaes 


lysis was made on a magnetic concentrate prepared from the minus 


25) who reports t each an 


100-plus 200-mesh size fraction of each of four samples of ore obtained from different locations in 
the mine The magnetic products were boiled in HCI to remove sphalerite and soluble gangue 
9. Reniérit imeb Mine, Tsumeb, South West Africa Reiner’s analysis in Murdoch 
12 The analy reportedly made on material 90% pure Galena was probably a major 
contaminant. remainder consists of Mo, MgO, CaO, and SiO 
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cent germanium and 13.7 percent iron. Vaes concluded that the mineral 
should be accorded specific rank on the basis of its distinctive physical proper- 
ties and chemical composition. Accordingly, he named it reniérite in honor 
of A. Renier, the Director of the Geological Survey of Belgium. Fleischer 
(2), in a review of Vaes’ paper, expressed the view that this mineral should 
be considered a ferroan variety of germanite unless X-ray diffraction data 
disclose that it has a distinctive atomic structure. X-ray diffraction studies 
by Lambot (6) and Murdoch (12) subsequently supported Vaes’ contention 
that reniérite is a definite mineral species. 

Mineralographic characteristics of “orange bornite” from all reported oc- 
currences closely resemble those of reniérite from the Belgian Congo and South 
West Africa (Table 2). Additional support for the tentative correlation of 
these minerals is forthcoming from a comparison of published X-ray diffrac- 
tion data which are assembled in Table 3. Any discrepancies that exist be- 
tween the interplanar spacings and line intensities of reniérite and “orange 
bornite” are probably within the limits of experimental error and/or antici- 
pated variations in chemical composition of a complex mineral like reniérite. 
In regard to the latter possibility, it is perhaps significant that tin is reported 

TABLE 3 
COMPARISON OF X-RAY POWDER DIFFRACTION DATA FOR RENIERITE, 


“ORANGE BORNITE”’, AND PYRITE 


“Orange bornite 


An x 
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TABLE 3.—(Continued 


wuwuwrPr>Dhrh hr UN 
Nowe ONO © 
nun on w ° #7) 


1.224 


1.195 
1.160 
1.120 
1.050 
O80 
022 
020 
016 


448 
159,37 
666,2.2.10 
0.3.10 1.013 
0.990 
0,946 2 0.961 


1.028 


we se ee me ND 


0.9395 
0.9360 
0.9340 
0.8958B 


, 
2 
1 
3 
1 
2 
1 
2 


0,904 


1) From Murdoch (12, Table 1 Average r ings wit u and Co radiation 
for reniérite from Prince Leopold Mine, Kipushi, Belgian Congo and Tsumeb Mins 
South West Africa Indexing by Murdoch based on cubic unit cell with a 10.583A 

2) From Harcourt (3, p. 105 Cu radiation, nickel filter Data are for ‘‘orange borni 
Harcourt Ss specimel! N 166, from Morococha, Peru. 

3) From Harcourt (3, p. 94). Cu radiation, nickel filter Data are for pyrite, Harcourt’s 
specimen No. 117, from Sudbury, Ontario All the residual unmatched lines of spacing from 
comparison of reniérite with ‘‘orange bornite’’ can be matched with those of 


I pyrite which is a 
major constituent of the Morococha ore 


by Harcourt to occur (3, p. 105) in the “orange bornite” from Morococha, 
Peru, although this element is reported in only one of the four analyses of 
reniérite from the Belgian Congo and is not reported in analyses of renieérite 
from South West Africa (Table 1). The “orange bornite” from Morococha, 
Peru, might possibly be a stanniferous variety of reniérite in which Sn** proxies 
for Fe*?, and, in this respect, it is of interest to note the close association of 
“orange bornite” with cassiterite, stannite, and copper sulfides at Vaulry, 
France (14). The sample of “orange bornite” used by Harcourt to obtain 
an X-ray powder pattern appears to have been slightly contaminated with py- 
rite (Table 3), but the powder pattern, minus the lines apparently contributed 
by pyrite, corresponds closely to the powder pattern of germanite and even 
more closely to the powder pattern of colusite (cf. Murdoch, 12, Table 1). 
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Figs. 1 through 12—Photomicrographs of germanium-rich 
ore from the 2,390-foot level of the Tsumeb mine. 


Fic. 1. Ovoids of germanite (Ge) disseminated through galena (Ga), ten- 
nantite (Te) and dolomite (Do). Note minute inclusions of an unidentified min- 
eral in some of the germanite ovoids. X 120. 

Fic. 2. Grains of germanite (Ge) and the unidentified mineral (Un) in a 
matrix of tennantite (Te). The roughened appearance of the grain of the un- 
identified mineral (right center) is due to minute unreplaced remnants of sphalerite. 
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This is probably a direct reflection of the isostructural relationships of colusite, 
germanite, and reniérite, which Murdoch recently determined. 

The significance of these developments from the standpoint of the economic 
geologist is the possibility that other reported occurrences of “orange bornite” 
are actually occurrences of reniérite. As examples, the “orange bornite” in 
the copper ore from the San Expedito Mine, Cerro de Pasco, Peru, described 
by Orcel and Plaza (15, p. 230, Pl. 11, Fig. 1), the “orange bornite” in the 
copper ores of Morococha, Peru, recorded by Harcourt (3, p. 105, 112), and 
the “orange bornite” in the tin-bearing ores of Vaulry, France, reported by 
Orcel (14), might well be re-examined with this concept in mind. In any 
event, it would perhaps be expedient to re-examine those ores in which “orange 
bornite” is known to occur when an exploration program for germanium is 
undertaken. 


TEXTURAL AND GENETIC RELATIONSHIPS OF GERMANITE AND RENIERITE 


The germanium-bearing sulfide ore at Tsumeb is composed principally of 
massive granular aggregates of galena, tennantite, enargite, digenite, bornite, 
chalcopyrite, sphalerite, and pyrite, which are enclosed in a host rock of cherty 
dolomite. Germanite and reniérite appear to occur in approximately equal 
amounts. They are associated principally with galena and tennantite, and to 
a lesser degree with sphalerite. Both germanium minerals are also dissemi- 
1ated through the host rock, and, as will be shown in the succeeding discus- 
sion, the germanium minerals are mutually associated in large part. 

Germanite almost invariably occurs as microscopic grains and granular 
aggregates. However, in rare occurrences, germanite is visible to the unaided 
eye as irregular patches with a metallic luster and a deep red tint enclosed in 
massive aggregates of galena and/or tennantite or enclosed in the host rock. 
Most of the germanite has a characteristic microtextural relationship to the 
sulfides associated with it. The mineral occurs as ovoid “islands” or chains 
of ovoid “islands” disseminated through a “sea” composed of granular aggre- 
gates of tennantite and/or galena (Fig. 1). In places, veinlets of the matrix 
(tennantite or galena) crosscut and replace the germanite ovoids (Figs. 4, 6). 
The germanite ovoids range in size from about 10 microns to 75 microns; the 
average size is about 30 microns. A subordinate amount of germanite occurs 
as irregular grains, which range in size from 5 to 30 microns, disseminated 
through the host rock. Some of the germanite ovoids show a distinct zona- 
tion or mottling (Figs. 2, 3, 4, 5) which is due to a color variant of germanite. 
This color variant is paler and grayer than the more voluminous rose-colored 


germanite, but it has about the same polishing hardness and optical behavior. 


Note inclusions of the unidentified mineral in germanite, some of which are sur- 
rounded by a border of reniérite. Reniérite (Re) also occurs along germanite 
grain boundaries. Note pale color variant of germanite as core of germanite grain 
(lower center). X 550. 

Fic. 3. Grains of germanite (Ge) and the unidentified mineral (Un) in galena 
(Ga). Note pale color variant of germanite in zoned germanite grain (center). 
Reniérite (Re) occurs along germanite grain boundaries and as borders around 
inclusions of the unidentified mineral in germanite.  X 550. 
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Fic. 4. Grains of germanite (Ge), sphalerite (Sp), and the unidentified min- 
eral (Un) in galena (Ga) and tennantite (Te). Reniérite (Re) rims some of the 
germanite grains. Note oriented replacement lamellae of the unidentified mineral 
in sphalerite (left center) and veinlets of galena that cut germanite and tennantite. 
Also note patches of pale color variant of germanite in germanite grains (center 
and left center ) x 500. 

Fic. 5. A particle of ore mounted in Lucite. The particle is composed prin- 
cipally of tennantite (Te) and germanite (Ge). Mottled appearance of germanite 
due partly to irregular areas of a pale color variant of germanite and partly to 
brighter irregular patches of reniérite (Re). Note inclusion of sphalerite (Sp) 
and area of galena (Ga). X 600. 

Fic. 6. Veinlets of tennantite (Te) cutting through and replacing germanite 
(Ge) grains. (Do) is dolomite. X 320. 
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Fic. 7. Grains of germanite (Ge), some of which have oriented inclusions of 
the unidentified mineral (Un), in a matrix of tennantite (Te). Reniérite occurs 
along several germanite grain boundaries. X 560. 

Fic. 8. Grains of germanite (Ge), one of which contains numerous oriented 
inclusions of the unidentified mineral (Un), in a matrix of tennantite (Te). Many 
of the inclusions are surrounded by a border of reniérite (Re). X 600. 

Fic. 9. Sphalerite (Sp) with replacement lamellae of the unidentified mineral 
along its cubic or octahedral planes, and an irregular area of germanite (Ge) 
mottled by irregular patches of reniérite (Re). The matrix is galena (Ga) and 
dolomite (Do). X 320. 
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Fic. 10a. Sphalerite (Sp) with replacement lamellae of the unidentified min- 


eral along its cubic or octahedral planes associated with grains of germanite (Ge) 
and galena (Ga). xX 570. 


Fic. 10b 


Unreplaced remnants of sphalerite (Sp) enclosed in the unidentified 
mineral (Un) which has developed in part along the cubic or octahedral planes of 


the sphalerite. Note the associated grain of germanite (Ge). X 550. 

Fic. 11. Oriented residual lamellae of sphalerite (Sp) in the unidentified min- 
eral (Un). The sphalerite lamellae have been selectively replaced in part by 
chalcopyrite? (Cp). (Ge) is germanite. X 600. 
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It occurs as irregular cores in germanite ovoids, irregular patches commonly 
near the centers of germanite ovoids, and as concentric spherical shells within 
germanite ovoids. One specimen of the ore contained some irregular ger- 
manite grains of unusual color enclosed in reniérite. Some of these germanite 
grains are composed wholly of the pale color variant of germanite. Others 
are zoned grains in which the cores are a darker bluish gray and the peripheral 
zones are apparently equivalent to the color variant of germanite. 

Some of the germanite ovoids contain minute rod-shaped to anhedral in- 
clusions of an unidentified gray isotropic mineral (Figs. 7, 8) that is distinctly 
harder than germanite. Essentially all the inclusions are less than ten microns 
long and five microns wide, but the volume ratio of inclusions to germanite 
host, although variable, may be as high as 2 to 3 in some germanite ovoids. 
The rod-shaped inclusions are commonly oriented along the cubic or octahedral 
planes of the germanite host (Figs. 7, 8) ; the anhedral inclusions are either 
randomly dispersed in the germanite or show a subgraphic arrangement with 
respect to the germanite (Fig. 2). Both the rod-shaped oriented inclusions 
and the anhedral unoriented inclusions are considered to be of replacement 
origin. The inclusions are nonuniformly distributed with respect to groups 
of germanite ovoids as well as within single germanite ovoids. As a result, 
adjoining germanite ovoids may be either devoid of or crowded with inclu- 
sions (Fig. 8), and individual germanite ovoids may have both homogeneous 
and heterogeneous patches (Fig. 7). The mineral that constitutes the inclu 
sions is probably equivalent to Moritz’s (10, p. 123) “Unidentified Mineral 
No. IV.” Moritz reports that a spectrographic analysis of a sample of this 
mineral, which perforce contained germanite as a contaminant, showed a no- 
tably strong line for lead as compared with germanite. However, no addi- 
tional elements, other than those that constitute germanite, were detected. 

In addition to its occurrence as minute inclusions in germanite grains, the 
unidentified mineral occurs as discrete grains in granular aggregates of ger- 
manite, galena, tennantite, and sphalerite (Figs. 2, 3, 4) and as lamellae of 
replacement origin along the cubic or octahedral planes of sphalerite (Figs. 9, 
10). Grains in which replacement of sphalerite by the unidentified mineral 
has progressed almost to completion commonly consist of oriented remnants 
of sphalerite in a matrix of the unidentified mineral (Fig. 11). Some of these 
residual inclusions of sphalerite have been selectively replaced in part by a 
mineral that appears to be chalcopyrite (Fig. 11). Even at a magnification of 
600 diameters, some of the discrete grains of the unidentified mineral appear 
to have a “roughened” surface (Fig. 2). Higher magnifications reveal that 
this conditions is due to exceedingly minute unreplaced remnants of sphalerite 
in the unidentified mineral. Moritz (10) pointed out that the unidentified 
mineral is very similar in appearance to sphalerite and is difficult to distin- 
guish from sphalerite unless both minerals are present in the same field, al- 
though an oil-immersion objective will enhance the slight difference in re- 

Fic. 12. Grains of germanite (Ge) partly replaced by an intergranular net- 
work of reniérite (Re). Note grains of sphalerite (Sp) and the associated un- 
identified mineral (Un), a grain of pyrite (Py), and a veinlet of galena (Ga), 
x 300. 
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irough 17—Photomicrographs of a magnetic fraction of a 
copper concentrate obtained with a Frantz isodynamic separator. 
The composite particle is made up 


Figs. 13 tl 


Fic. 13. Ore particles mounted in Lucite. 
of two germanite (Ge) grains which are partly replaced by reniérite (Re) along 
grain boundaries; the matrix is tennantite (Te). Adjoining particles are bornite 
(Bo) and galena (Ga). X 1,150. 

Fic. 14. Ore particles mounted in Lucite. Composite particle made up of ger- 
manite (Ge) partly replaced by reniérite (Re) and of tennantite (Te). X 1,250. 

Fic. 15. Ore particles mounted in Lucite. A grain of germanite (Ge) partly 
replaced by a shell of reniérite (Re) from which lamellae have developed along the 
cubic or octahedral planes of the germanite. Note inclusions of the unidentified 
mineral (Un) in the germanite. Adjoining particles are bornite (Bo). X 1,250. 
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flectivity between the two. This observation was verified during the course of 


this study. Although the unidentified mineral is of interest because of its as- 


sociation with the germanium minerals, it is a ve ry minor constituent of the 
ore as a whole. 
Reniérite was observed to occur in the following characteristic and geneti- 


cally significant microtextural relationships : 


17 


Fic. 16. Ore particles mounted in Lucite. A particle composed of germanite 
(Ge) partly replaced by reniérite (Re) which has developed in part along the 
cubic or octahedral planes of the germanite. Adjoining particles are bornite (Bo). 
xX 1,560 

Fic. 17. Ore particles mounted in Lucite. A particle composed of reniérite 
(Re) and residual unreplaced lamellae of germanite (Ge). The adjoining par- 


ticles are composed of bornite (Bo) and galena (Ga). X 1,560. 
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(1) Continuous and discontinuous shells of variable thickness around ger- 
manite ovoids and as intergranular networks in aggregates of germanite grains 
(Figs. 2, 3, 4, 7, 12, 13, 14). 

(2) Shells of variable thickness around the inclusions of the unidentified 
mineral in germanite (Figs. 2, 3, 8). 

(3) Irregular patches within germanite grains (Figs. 5, 9). 

(4) Lamellae of variable thickness developed along the cubic or octahedral 
planes of germanite so as to form a regular intergrowth with that mineral 
(Figs. 14, 15, 16, 17). 

(5) Irregular grains disseminated through the host rock. 


As is evident from the photomicrographs, all stages of the replacement of 
germanite by reniérite, from incipient to essentially complete, were observed. 
The hypogene solutions responsible for this replacement penetrated along the 
grain boundaries between germanite grains, along the grain boundaries be- 
tween germanite and contiguous minerals, and along the grain boundaries 
between germanite and inclusions of the unidentified mineral. The textures 
that resulted from partial replacement of germanite by reniérite range from 
highly regular, in which certain crystallographic planes in the germanite host 
guided the development of the reniérite, to unsystematic, in which directional 
control of the growth of the metasome by the host is not apparent. These 
microtextural relationships of reniérite demonstrate that it was introduced 
into the ore principally by selective replacement of the pre-existing germanite 
and subordinately by direct replacement of the host rock of cherty dolomite. 


SEQUENCE OF HYPOGENE SULFIDE DEPOSITION AND GEOCHEMICAL 
CONSIDERATIONS 


Textural evidence presented in the preceding section of this paper has 
shown that germanite was formed earlier than reniérite in the sequence of 
hypogene sulfide deposition. There remains for discussion the relative posi- 
tions of the two germanium minerals with respect to the hypogene base-metal 
mineralization and the geochemical aspects of the transformation of germanite 
to reniérite. 


The sequence of deposition of the hypogene sulfides that constitute the 
germanium-bearing base-metal ore is as follows: 

1. Pyrite 
Germanite, Bornite, Enargite 
Sphalerite 
Tennantite 
Unidentified mineral, Chalcopyrite 

6. Reniérite 

7. Digenite,* Galena 


* The exact position of digenite in the sequence of hypogene sulfide mineralization at 
Tsumeb is currently being investigated by Geier. Schneiderhédhn (18) and Moritz (10) con 
cluded that the digenite is younger than the galena, but Geier’s studies indicate that most of the 
galena was introduced after the digenite. Digenite was not observed in the germanium-rich ore 
from the 2,390-foot level of the Tsumeb mine, but, with respect to the germanium minerals in 
the copper concentrate which was produced in the Tsumeb pilot plant in April, 1952, digenite 
is clearly younger than germanite and is probably either younger than or contemporaneous with 
reniérite. 
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This paragenetic sequence is based solely on the authors’ interpretation of 
microtextures observed in the germanium-rich ore from the 2,390-foot level 
of the Tsumeb mine and in the copper concentrate produced in the Tsumeb 
pilot plant in April, 1952. As a consequence, it is considered to be of limited 
validity with respect to the base-metal hypogene sulfides in the Tsumeb ore 
body as a whole, although this sequence is essentially in accord with the 
earlier conclusions of Schneiderhohn (18) and Moritz (10). Geier has been 
engaged in a detailed study of the paragenesis of the base-metal sulfides in the 
deposit, and the results of his investigations to date show that the sequence 
of base-metal mineralization is much more complicated than has been previ- 
ously indicated. There is evidence, for example, of two generations of chalco 
pyrite and, possibly, of two generations of galena. Nevertheless, the para- 
genetic relationships of the germanium minerals to each other and to their 
associated sulfides, as discussed in this paper, are probably valid for a much 
larger portion of the hypogene sulfide body at Tsumeb than is actually rep- 
resented by the materials upon which this study is based. 

In regard to the paragenesis of the two germanium sulfides, it is note- 
worthy that germanite is one of the oldest minerals and that reniérite is one 
of the younger minerals in the sequence. Also of interest are the successive 
compositional changes in the hypogene solutions during the period of metalli- 
zation which are indicated by the mineral sequence; viz., iron, copper-iron- 
germanium, zinc, copper, copper-iron-germanium, and copper-lead. 

The genetic relationships of the germanite and reniérite in the Tsumeb ore 
pose an interesting geochemical problem; namely, the replacement of a ger- 


manium-bearing sulfide containing approximately 10 percent germanium and 


8 percent iron by an isostructural strongly magnetic germanium-bearing sul- 
fide which contains approximately 6 percent germanium and 13 percent iron. 
If chemical analyses No. 1 and No. 9 in Table 1 are recalculated to 100 per- 
cent, the weights of the elements in 1 cubic centimeter each of germanite 
(Sp. Gr. = 4.46) and of reniérite (Sp. Gr. = 4.3) are as follows: 


Germanite Reniérite Difference 
1.89 
35 +.21 gms 


46 22 gms 
Og 

18 

04 

06 
1.40 


4.46 gms 4.30 gms 


Therefore, replacement of germanite by an equal volume of reniérite re- 
quires an addition of iron and the corresponding removal of an approximately 
equivalent amount of germanium. These figures also show that if germanite 
is replaced by reniérite, there is enough germanium released as a result of the 
transformation to produce about 1.8 times as much by weight of reniérite as 
compared with the weight of the germanite replaced, providing, of course, that 
the other elements that are essential constituents of reniérite are available. 
Inasmuch as all quantitative data obtained to date on the relative amounts of 
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germanite and reniérite in the ore indicate that these minerals are present in 
approximately equal proportions, it appears unlikely that any germanium was 
introduced into the ore body at the time the reniérite was formed. Rather, 
it appears that the partial conversion of germanite to reniérite is a record of 
the mineralogical redistribution of germanium induced by changing hypogene 
conditions 
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ABSTRACT 
The Morococha mining district in central Peru is a source of copper- 
silver-lead-zinc ores. Jurassic limestones, intruded by Tertiary quartz 
monzonite stocks, are altered to rocks containing diopside-tremolite, ser- 
pentine-chlorite-talc, and anhydrite. 

Diverse opinions regarding the origin of the anhydrite and associated 
breccia zones at Morococha have been published. The theories of origin 
may be grouped as hydrothermal replacement of limestone and syngenetic 
with the limestone. Hydrothermal replacement of the Jurassic Potosi 
limestone, following intrusion of the quartz monzonite stocks and prior to 
ore deposition, fits the facts best. 

After emplacement of the ore bodies, descending meteoric waters con- 
verted the upper part of the anhydrite complex to gypsum. Some of the 
gypsum was taken into solution. Brecciation resulted from collapse of 
the solution cavities. 


INTRODUCTION 


Tue Morococha mining district in central Peru (Fig. 1) yields copper-silver- 
lead-zine ores from mesothermal deposits associated with Tertiary intrusives. 
The writer became familiar with these deposits during three years of residence 
at Morococha. 

Hypogene anhydrite has been reported in mining districts by: Bowditch 
(2), Boyle (3), Butler (4), Collins (7), James (10),and Langford and Hancox 
(12 


The deposits for the most part are fissure filings associated with copper 


1 Published with the permission of the Cerro de Pasco Corporation. 
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or gold ores. At the Potrerillos Mine, Chile, Sales (16) describes a porphyry 
plug intruding slightly folded limestone with “large amounts of massive anhy- 
drite” of hypogene origin apparently replacing limestone at depth. 

Some 100,000,000 tons of calcium sulfate in the form of gypsum and an- 
hydrite are present at Morococha. The anhydrite is of interest inasmuch as 
widely divergent opinions regarding its origin have been published. The an- 
hydrite at Morococha is described by Moore (14, p. 99) as related to replace- 
ment of limestone by late hydrothermal activity associated with ore deposition. 
Schmedeman (17, p. 678) states that, “It (the anhydrite) is probably related 
in age and origin to the contact metamorphic alterations, which it exceeds in 


CENTRAL 





Fic. 1. Map of central Peru showing the location of the Morococha District. 


magnitude.” Mark, Faulkner, and Graton (13, p. 239) consider the an- 
hydrite-gypsum to represent “hydrothermal outliers of the pyrometasomatic 
inner zone.” Haapala (9, p. 21) believes that the anhydrite is of sedimentary 
origin. 

Disagreement is also evident regarding the origin of certain breccias associ- 
ated with the anhydrite complex. The term collapse breccias has been ap- 
plied to distinguish them from other tectonic breccias present. Schmedeman 


(17, p. 678) ascribes their origin to collapse of cavities formed by solution of 
anhydrite by hydrothermal fluids with some solution by supergene waters. He 
believes that, “On the whole however, the breccias are closely related spatially 
to the ore zones and appear to be related in age and origin thereto.” Mark, 
Faulkner, and Graton (13, p. 240) state that, “But where a tongue (quartz 
monzonite) penetrated into or reached almost up to a mass of anhydrite- 
gypsum, the solutions were able to dissolve important quantities of this sulfate 
material, producing thereby solution caves of various sizes, shapes and atti- 
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tudes.” A footnote (op. cit. ) states, “There are other evidences besides di- 
rect association with small quartz monzonite masses, that these caves are not 


the work of the normal vadose circulation, present or past.’ The evidence, 


however, is not presented in the paper cited. 

The problem, then, concerns a rather large unusual occurrence of anhydrite 
with uncertainties as to its origin and position in the sequence of geologic 
events. Similarly the time, space and origin of brecciation of this rock re- 
quire clarification. 

Acknowledgments.—Drs. C. F. Park, F. L. Humphrey, and K. B. Kraus- 
kopf of Stanford University and Mr. H. L. Hosmer of the Cerro de Pasco 
Corporation have kindly read and criticized the manuscript. The writer, 


however, assumes responsibility for the views expressed. 


GEOLOGICAL SETTING 


The Morococha district is on the nose of the north plungit 


4 


if Yauli anti 
cline. <A thick “basement” of Carboniferous volcanic flows and tuffs known 


locally as the Catalina volcanics is overlain in general conformity by the Juras- 
sic Potosi formation which is 1,500 feet thick and normally consists of lime 
stones and dolomites. The overlying Cretaceous Santo Toribio formation, 
consisting of sandstones and intercalated basalts, has been removed by erosion 
from the crest of the anticline. During the Tertiary period these rocks were 
intruded by the Anticona quartz diorite to the west and by quartz monzonite 
stocks along the axis of the fold and to the east. The Potosi, San Francisco, 
and Gertrudis are the three major quartz monzonite stocks. The intrusives 
range in composition from quartz diorite through grandodiorite to quartz 
monzonite according to analyses presented by Lacy (11, p. 125 The Potosi 


and San Francisco stocks are larger than the Gertrudis (Fig. 2) and are con 


S 


sidered to have followed the intrusion of the Anticona quartz diorite. The 
Gertrudis stock, because of its lack of through-going vein structures, probably 
represents the final phase of igneous and tectonic activity. 

Limestone Alteration Types.—Attendant upon intrusion of the quartz 
monzonite stocks was the alteration of the Potosi limestone to marble, sili 
cated “limestone,” hydrated “limestone,” and anhydrite. 

The marble occurs toward the periphery of the district away from the in 
trusives. Unaltered carbonate rock is not found adjacent to intrusives 

Silicated “limestone” is a local term used to designate the alteration type 
characterized by the minerals diopside and tremolite which constitute the bulk 
of the rock. Toward its outer margin the silicated “limestone” is interbedded 
with the marble. Its distribution is probably determined in part by the pres- 
ence of dolomitic layers in the limestone and in part by differences in per- 
meability of the limestone. Toward the center of the district, the silicated 
“limestone” becomes dominant and may persist up to intrusive contacts. 
More commonly, however, it gives way to hydrated “limestone,” especially 

al 


near the San Francisco stock (Fig. 2). Most of the silicated 


“limestone”’ is 
a fine mosaic of diopside with tremolite. Garnet and epidote are locally abun 


dant. Vesuvianite, scapolite, and wollastonite are rare. 
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ydra “limestone” contains no remanent carbonate. In contrast 
to the hard, white, blocky silicated “limestone,” it is soft and green because 
of its characteristic serpentine and/or chlorite-tale composition. The distri 
bution of the hydrated “limestone” is closely related to intrusives, especially 
the San Francisco stock. Its halo-like distribution is interrupted by inter 
fingering layers of silicated “limestone.”” The hydrated type of alteration was 
extended toward the periphery of the district by hydrothermal ore solutions. 
Vein structures in the silicated “limestone” are bounded by narrow zones of 
chlorite and tal Magnetite with ludwigite and chrysotile are locally abun 


7 
dant near intrusives, and disseminated pyrite is common throughout 
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The marmoritization and silication accompanied by probable magnesium 
metasomatism of the limestone preceded and was contemporaneous with in- 
trusion of the San Francisco stock and its satellitic dikes. Alteration of the 
silicated “limestone” to hydrated minerals of serpentine, chlorite, and talc, 
with introduction of pyrite, was accomplished by hydrothermal activity as- 
sociated with this stock and with later ore mineralization. The distribution 
of these alteration types follows a halo-like pattern surrounding the intrusives 
with superimposition of a layered pattern conforming to the attitude of bed- 
ding in the Potosi formation away from the intrusive contacts. Much of the 
ing order to the distribution of limestone alteration at 


vork done 11 bring ig 


Morococha was by Haapala and is contained in a private report to the Cerro 


de Pasco Corporation (1953) 
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Ores.—Ore mineralization followed cessation of intrusive activity and al- 
teration of the limestone. Orebody types at Morococha are veins, contact 
pipes, and mantos. East-west vein structures are found in all rock types ex- 
cept the anhydrite and Gertrudis stock. 
tact with quartz monzonite intrusives. 
San 


Contact pipes are generally in con- 
The contact pipes associated with the 
Francisco stock are localized where veins in the stock intersect the con- 
tact. No veins exist in the Gertrudis stock or in the enclosing anhydrite. 
The pipes adhere strictly to the Gertrudis stock contact, which was the chan- 


1 


nel for ascent of ore solutions. Mantos in the form of gently inclined pipes 
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Vertical sections through the mine showing the anhydrite complex 
See Figure 2. 
are controlled by the intersection of vein structures with contacts between 
marble, silicated, or hydrated alteration layers. 

The ores show a mineralogical zoning with the Gertrudis stock roughly in 
the center. Enargite with tetrahedrite yields to chalcopyrite, tetrahedrite, and 
sphalerite away from the center. Toward the periphery of the district, sphal- 
erite and galena are the dominant ore minerals. The zoning is also reflected 
in the increase of silver to copper ratio away from the center of the district. 
These are mesothermal deposits. 


ANHYDRITE COMPLEX 


The anhydrite complex is part of the limestone alteration which includes 
anhydrite and gypsum interbedded with layers of marble, silicated and hy- 





ANHYDRITE COMPLEX OF MOROCOCHA DISTRICT, PERU 637 


drated “limestone,” and shale. These alteration types are in layers and lenses 
of varying thickness with attitudes conformable to that of the western limb of 
the anticlinal structure (Fig. 3). The anhydrite is a soft but tough well knit 
rock that can remain open without support for several years. The rock is 
white to translucent with green and dark colored streaks of silicate minerals 
indicative of replaced bedding of the limestone. Layers in the anhydrite com- 
plex are commonly more highly contorted than the rather uniform attitude of 
bedding in the silicate alteration types and marble. The plastic behavior of 
this rock is reflected in the strong preferred shape orientation of the anhydrite 
grains (Figs. 4, 6, 7). In the upper part of the complex, the anhydrite is 
altered to gypsum. 

Distribution.—Calcium sulfate was first noted on the 750 level, about 800 
feet below the surface, near the Gertrudis stock. None has been found on or 
above the 400 level. 

To the east, the anhydrite complex is bounded by a layer of hydrated 
“limestone” overlying the Catalina volcanics on the west limb of the major 
anticline (Fig. 3). The complex extends downward and westward and con- 
tinues strong on the lowest level of mine development, the 1,700 level. Marble 
is most commonly interlayered with the anhydrite to the west, while to the 
east toward San Francisco stock, silicated and hydrated “limestones” are 
present to the exclusion of the marble. 

Composition.—The gross composition of the anhydrite complex is that of 
discontinuous layers of anhydrite, marble, silicated and hydrated “limestone”’ 
alteration products, and shale. Shale layers are brown, generally less than 
10 feet thick, and are replaced by anhydrite. The term “brown anhydrite” 
has been used locally and is more descriptive than shale. 

Most anhydrite layers are 10 to 20 feet in thickness although some are as 
much as 100 feet thick. In the vicinity of Gertrudis stock, the apparent 
center of the complex, the layers are thickest. Contacts between various mem- 
bers of the complex are generally well delineated ; hardness and color are gen- 
erally sufficient for megascopic identification of the rock types. Distinction 
between the fine-grained anhydrite and gypsum, however, is more difficult. 
As revealed by thin section study, gypsum is the dominant calcium sulfate 
present from the 750 level to below the 1,000 level. Mine workings in this 
ground require more support than do those in the anhydrite below. The gyp- 
sum is dull white and consists of small fibrous grains, generally in random 
orientation. A preferred orientation of the gypsum is seen adjacent to re- 
placement remnants of anhydrite grains (Fig. 5). Below the 1,000 level, an 
hydrite is dominant with gypsum in veinlets and replacing anhydrite grai 
borders (Fig. 4). Both gypsum and anhydrite are in small veinlets in a 
rock types surrounding the complex. 

Other minerals in the anhydrite and gypsum layers are diopside, tremolite, 
calcite, talc, serpentine, quartz, zeolite, pyrite and magnetite. The silicates, 
except zeolite, are replacement residuals (Figs. 5, 8,9). Calcite plays a dual 
role in that blocks of marble persist as replacement remnants, and also, late 
calcite veins the anhydrite. The late calcite veinlets are in turn cut by gyp- 
sum veinlets. Zeolite was noted only in the late gypsum veinlets. Pyrite, 
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associated with earlier silicate alteration of the limestone, is apparently un- 
replaced by the anhydrite. Many pyrite grains are rimmed with magnetite 
( Figs. 6, 7). 

No ore bodies are found within the anhydrite itself but some of the dis- 
trict’s richest copper ores are at the contact of the Gertrudis stock and the 
anhydrite. The anhydrite is coarsely crystalline and in places assumes a 
pinkish hue in contact with ore bodies. 


There is no apparent chemical re- 
action between the sulfides and sulfates, but recrystallization, possibly solution 


Fic. 4. Preferred shape orientation of anhydrite grains parallel to 
grained gypsum replacement. Pyrite grains coated with magnetite 

18, 1,200 level. 

Fic. 5. 


fine 
nicols, 


Fine-grained gypsum replacing tremolite on the left and anhydrite on 
the right. Twinning of anhydrite persists as relict structure in the 


gypsum 
nicols, X 18. 750 level. 
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and redeposition, has taken place. The thickness of this zone of recrystal- 
lization and discoloration is not more than 5 feet, and is therefore of little use 
as an ore indicator. 


Large crystals of selenite, up to a foot in length, are 
found only contiguous to or within ore bodies associated with the anhydrite. 


THEORIES OF ORIGIN 


Three possibilities of origin of the anhydrite at Morococha are: 
5 7 


sedimen- 
tary, supergene, and hypogene. 


Haapala (9) suggested the possibility that 
the anhydrite is syngenetic with the Potosi formation. In support of this, 
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Fic. 6. ar structure by anhydrite grains. 
magnetite : : < 18. 1,200 level 

Fic. 7. The same section as Figure 6. Pyrite grains shown rimmed with mag- 
netite. Plain light and reflected light, x 18. 


Black is pyrite coated with 
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Haapala cites the occurrence of a small evaporite gypsum deposit at Sacra- 
cancha, a few kilometers east of Morococha. If this deposit is in the Potosi 
limestone as indicated by Haapala, then it is possible that anhydrite or gyp- 
sum was also deposited in the Potosi formation to the west in Morococha. 
However, the small deposit at Sacracancha is either in the upper part of the 
Potosi formation or even in the Cretaceous Santo Toribio formation in con- 
trast to the low position of the anhydrite in the Morococha Jurassic section. 
This small lens of gypsum is similar to many found in the Cretaceous sand- 
stones and Tertiary red beds of Peru. The anhydrite at Morococha is inter- 
calated with Jurassic limestones and is not typical of any Peruvian evaporite 
deposits. 

The bedding in the anhydrite is more highly contorted than the bedding in 
the Potosi formation. This is offered by Haapala (9) as evidence that the 
anhydrite is at least as old as the folding of the sediments. However, an- 
hydrite is a plastic rock, and even if subjected to stress only during the waning 
stages of tectonic activity, it might well be expected to show greater deforma- 
tion than the more competent enclosing rocks. 

Haapala’s contention that anhydrite does not show the same spatial rela- 
tionship to intrusives and known channelways as do the hydrated and silicated 
alteration types (9, p. 30) is quite correct, but this does not prove a syn- 
genetic origin and, it will support the view that the anhydritization is of hypo- 
gene origin. In addition, the nature of the contact of anhydrite with the Ger- 
trudis stock indicates that the anhydrite was later than the intrusion. There 
is no evidence of recrystallization, or even a slight coarsening in grain size of 
the anhydrite in contact with the stock, as would be expected had the stock 
intruded anhydrite. 

The supergene theory or downward percolation and precipitation from 
meteoric waters may be eliminated inasmuch as it is improbable that anhydrite 
rather than gypsum would precipitate from cool waters under conditions of 
elevated pressure (1). Furthermore, a source above the Potosi limestone 
must be presumed, but there is no trace of calcium sulfate replacement between 
the 750 level and the surface. 

The hypogene theory of origin is best suited to fit the sequence of altera- 
tion events interpreted from megascopic and microscopic examination of the 
anhydrite complex. The sequence is outlined as follows: 


1. Intrusion of San Francisco stock with attendant formation of anhydrous 
and hydrous silicates in the Potosi formation. 
Intrusion of Gertrudis stock followed by anhydritization of the Potosi 
formation. 

3. Ore deposition. 

4. Supergene deposition of calcite, gypsum, and zeolite. 


The anhydrite complex is west of San Francisco stock and its associated 
silicate limestone alteration types. This suggests that the later Gertrudis 
stock intruded relatively unaltered limestone. The reasons for placing an- 


hydritization after intrusion of Gertrudis stock and before ore deposition are 
as follows: (1). The grain size of the anhydrite is coarser near ore bodies as- 
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sociated with the stock, but shows no change in contact with the barren por- 
tions of the stock. (2). Spatial relationships indicate the stock to be the cen- 
ter of anhydritization. (3). Replacement textures dominate. All rock types 
in contact with the anhydrite, except ore bodies, show signs of replacement by 
anhydrite. Marble is almost completely replaced. The silicate alteration 
minerals are somewhat more resistant, but these too are mere remnants of 
former well developed crystals (Figs. 8, 9). Even the feldspars near con- 
tacts in the Gertrudis stock show attack by anhydrite. 


2 


Fic. 8. Tremolite and diopside partially replaced by fine fibrous gypsum. 
X-nicols, X 18. 750 level. 

Fic. 9. Fine grained anhydrite replacing sheaf-like fibers of tremolite. Black 
grains are pyrite. X-nicols, X 18. 1,700 level. 
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The problem of the hypogene theory lies in the conversion of limestone to 
anhydrite. This calls for solutions rich in the sulfate ion which were capable 
of replacing and removing carbonate ion, perhaps in the form of carbonic acid. 
It is interesting to speculate that the great mass of hydrated silicate alteration 
present above the complex was, in part at least, effected by this acid. Toward 
the San Francisco stock, the earlier silicate alteration of the limestone in- 
hibited replacement by sulfate. To the west, near the Gertrudis reverse fault 
and surrounding the Gertrudis stock, the sulfate-bearing solutions found un- 
altered limestone available for replacement. 

The question arises, why should alteration surrounding the Gertrudis 
stock be rich in sulfate while that surrounding the earlier San Francisco stock 
be rich in silicate? The answer must lie in a change in the alteration solutions 
associated with the intrusives. Certainly the oxidizing potential of the solu- 
tions was increased as indicated by the partial replacement of early pyrite by 
magnetite in the anhydrite complex (Figs. 6, 7). Such a condition is to be 
expected in the presence of heated solutions rich in the sulfate ion. Later, 
calcite, gypsum, and zeolite were deposited in the complex from downward 
percolating meteoric waters. 


ORIGIN OF THE COLLAPSE BRECCIAS 


The collapse breccias are associated onl 


y with the anhydrite complex 


Commonly they are at intrusive contacts and in many places are associated 
with ore bodies. They are most prevalent in an elongate north-south zone on 
and above the 1,000 level at the eastern contact of the complex with the Cata- 
lina volcanics and the hydrated “limestone.” The breccia fragments are 
mostly small, ranging from one-sixteenth inch to about six inches in size. 
They are generally sharply angular, supporting the idea that they are the 
product of collapse, and not tectonic activity. No slickensides, polished and 
striated sulfide minerals, or gouge are present in contrast to the abundance 
of these features in the tectonic breccias. 

Depending upon the spatial relationships of the contacts, the breccias may 
be monomict or composed of several rock types. Since the breccias are above 
the 1,000 level, gypsum is the dominant calcium sulfate present. Solution of 
the gypsum is indicated by pits and hollows in the breccia fragments; less 
soluble silicate minerals project above the surface of the fragments. 

The breccia zones have a limited vertical extent that rarely exceeds 300 
feet. This is compatible with the theory of collapse and suggests that when 
the rate of collapse was greater than the rate of solution, the breccias even- 
tually reached the back of the cavern and supported it. 

Detailed mapping of anhydrite in contact with the quartz monzonite shows 
that below the 1,000 level the contact is firm; the anhydrite shows no sign of 
solution or recrystallization. Recrystallization of the anhydrite in contact 
with ore bodies is apparent, but no brecciation or even weakening of the an- 
hydrite has occurred. This suggests that the solution of calcium sulfate, re- 
sulting in collapse and brecciation, has been accomplished by action of meteoric 
waters down to and slightly below the 1,000 level. This is more compatible 
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with the distribution of the breccias and the temperature-solubility relations 
of calcium sulfate. Gypsum in the ore bodies and in the upper par 
anhydrite complex indicates that it precipitated from cool solutions, le 
42° C (Posnjak, 1939). Furthermore, the solubility of calcium sulfa 
greater in cool than in hot solutions. That meteoric waters have acted in 
formation of solution caverns in anhydrite at Morococha is to be seen on the 
1,000 level. Here, according to Moore (1936, p. 36), a cave measuring about 
70 feet wide, 70 feet deep, and 130 feet long, was partially filled with water. 
Small stalactites of calcium sulfate were found on the walls of the cave 

These post-ore meteoric waters found easier descent along contacts than 
through the tightly knit mass of anhydrite. Although it is true that ore frag- 


nents do occur in part of these breccias, this is not the result of replacement 


] 
breccia matrix with sulfides as claimed by Mark, 


p. 240 The ore does not occur as a matrix of 

is difficult to understand why only the smaller breccia frag- 
placed whereas the larger fragments are quite fresh. The 

ores V leposited first and solution with slumping and brecciation followed 


4 


CONCLUSIONS 


The anhydritization at Morococha is a feature of limestone alteration by 
sulfate-ricl lutions following the intrusion of the Gertrudis quartz mon- 
zonite stock. Ore solutions that followed anhydritization ascended along in- 
trusive contacts with the anhydrite complex, and with the exception of minor 
recrystallization, wrought no great effect on the anhydrite. o me¢ 
teoric waters converted the upper portion of the complex to gypsum, si 
whi h we taken int ] j The > Itine cz Tn slumped formin 
which was taken into solution. e resulting caverns slumped forming 
lapse breccias 
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THE OCCURRENCE OF ZINC IN SOIL 
M. L. WHITE 


ABSTRACT 

This paper describes procedures for determining the form in which 
zinc is held in soil. The procedures involve removal of the iron oxide 
and determination of the associated zinc, a similar treatment of the clay 
size material to determine, indirectly, the lattice-held zinc, and an ammo- 
nium chloride extraction to determine the base-exchanged zinc. Values 
for the distribution of zinc in some Tennessee soil composites are given. 


ALTHOUGH a good deal of work has been done on studying the availability or 
extraction of zinc from soils with different reagents, very little has been done 
on determining, experimentally, how the zinc is held in the soil. Hibbard (1) 
found that the zinc content of soils decreased as the particle size increased and 
that a small amount of zinc normally in soil is not exchanged with ammonium 
or calcium ions, which suggested that some of the zinc was in the clay mineral 
structure. Jones (2) showed that when zinc sulfate was added to a soil three 
classes of compounds were formed: (1) water soluble; (2) those with replace- 
able zinc ; and (3) water insoluble and non-replaceable compounds. He found 
that as the added zinc concentration was increased more of the zinc occurred 
as the insoluble form. Thorne (3) found some correlations in Utah soils be- 
tween zinc content and pH, zinc content and organic matter, and total and 
available zinc. Elgabaly (4, 5) treated clay minerals with zinc solutions and 
found that with montmorillonite, less than 70 per cent of the added zinc could 
be leached out with NaCl, CaCl, or HCI solutions, suggesting fixation of some 
zinc in the clay mineral lattice. Recently, Nelson and Melsted (6) studied 
the chemical form of zinc added to the soil, using Zn® in an isotope-dilution 
technique. They found that in an Ht-soil system practically all the added 
zinc was replaceable by an ammonium acetate solution, while in a Ca**-soil 
part of the zinc was not replaceable, the amount of this zinc increasing with 
increasing length of time of contact between the soil and the zinc solution. 

This type of work has suggested some possible zinc associations, but a sur- 
vey of the literature shows that only limited efforts have been made to deter- 
mine experimentally how zinc is held in the soil. The purpose of this paper 
is to present some work that was done to determine quantitatively in what 
forms zinc occurs in soils. 


EXPERIMENTAL METHODS AND MATERIALS 


The analysis for zinc was carried out by a titrimetric dithizone method 
modified after the procedure described by Sandell (7). Fifty or 100 mg of 
air dried -80 mesh soil, or the residue from the bleaching treatment described 
later, is fused with 1 g of potassium pyrosulfate. The fused residue is ex- 
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tracted with hot water and the extract titrated with 0.0016 per cent (w/v) 
dithizone in carbon tetrachloride in the presence of approximately 0.2 N am- 
monium citrate solution, buffered at pH 8.2. The titration is carried out by 
adding measured increments of the dithizone solution, shaking, settling and 
discharging the reacted dithizone until an increment remains green on shaking. 
The total volume of dithizone solution used is compared with the amount re- 
quired to titrate a known zinc solution and the metal content reported as ppm. 
zinc. This method detects copper, lead and zinc as an undifferentiated group 
reported as zinc equivalent. Previous work has shown that in the soils 
studied, 80 to 100 percent of the mineralization (total zinc, lead and copper ) 
so that for the purposes of this work the ppm values are considered 

was removed from the soils by a method modified after that 

described by Aguilera (8). In this method the soil is tre: with a hot so- 
lution of sodium hydrosulfite, sodium citrate and versene, so that the iron in 
the form of the oxide is reduced by the hydrosulfite and removed by complex- 


ing with the citrate and versene. The bleached residue of soil resulting from 


itt 
this treatment has been changed from the original only in that any iron oxides 


have been removed \guilera found that iron in such forms as ilmenite or 
silicates is not attacked, and the structure of clay minerals is not affected, so 
that iron r zinc) in the lattice position of such minerals would not be re- 
moved. The latter conclusion was checked and confirmed by the author. It 
was found, however, that when zinc was adsorbed from solution on clay min- 
erals, this exchangeable zinc was removed by the above treatment. 

The clay-size fractions of the soils were separated by centrifuging a 5-per- 
cent aqueous suspension of the soil, dispersed with sodium tripolyphosphate, 
in a 200-ml glass jar at a speed and for a length of time calculated from Stokes 
Law (9) in order to separate the < 2-micron size. Two settlings were made 
on each sample, as previous work had shown that this removed more than 90 
percent of the clay-size material. 

The usual method of determining base-exchanged ions consists of an ex- 
traction of the soil with 1 N NH,Ac (pH 7.0) using a number of successive 
extractions. From experiments on clay minerals with added exchangeable 
t was found that a single extraction with 5 N NH,ClI adjusted to pH 8.0 
with NH,OH removed about 80 percent of the exchangeable zinc, which for 


the pt 


mn ; 
ZALIA I 


irposes of this work was considered sufficient. The extraction was 
carried out by allowing 0.5 g of -80 mesh soil to stand in contact with 20 ml 
of the NH,CI solution for 15 minutes with occasional shaking. The suspen- 
sion is then centrifuged, the clear supernatant solution decanted and analyzed 
for zinc with 0.00064 percent (w/v) dithizone (in carbon tetrachloride) using 
a photometer for measuring the color change, and determining the amount 
from a calibration curve. 

The samples used for this study were taken in the Copper Ridge area in 
Hancock, Hawkins and Grainger Counties, Tennessee. The soils here are 
predominantly cherty silt loams in the Clarksville and Fullerton Series, over- 
lying dolomitic limestone. All samples were taken with a slotted tube at a 
depth of two feet, which would generally place them in the B horizon. For 
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the present study, from 20 to 30 samples were chosen randomly in areas of 
about six acres (square plots 500 feet on a side). All the samples within such 
an area were mixed together, after being air-dried, and the 


> 


composite ground 


to pass an 82-mesh cloth sieve. Fourteen such areas were studied. 


ASSOCIATION OF ZINC WITH IRON OXIDI 


From both field and laboratory observations it is apparent that there 
definite and direct relationship between the zinc cont 


4 
many soils, this conclusion being supported by the foll 


locations it is found that the concentration of zinc in 


ite correlation 


than in th unding soil; (2) in many areas th 
between the percent iron and the percent zinc urfac ils; and (3) when 


fractions, 


the various sizes 


1as the highest iron c¢ 


in the soils studied 
lrous ferric oxides it would ay 
with this iron oxide If this i 
sl ould also remove some zinc 
d to remove the iron oxide 
moved was also determined. 

When iron oxide is removed from soils by the treatment previously 
scribed and the bleached residue analyzed for zinc, it is found that some of the 
original zinc in the soil has been removed along with the iron oxide. This 
extracted zinc is likely the sum of that in base-exchangeable form and that 


i 


1 Unpublished work of the author 
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associated with the hydrated iron oxide in some type of solid solution or ad- 
sorption compound. It will be shown later that in general, less than 3 per- 
cent of the total original zinc is base-exchanged, so that although the min- 
eralization extracted by the bleaching treatment includes both that associated 
with the iron oxide and that which is base-exchanged, the latter generally 
represents a minor part of the total extracted. By subtracting the ppm zinc 
in the bleached residue from that in the original soil it is possible to calculate 
the percent of total mineralization associated with (or removed with) the 
iron oxide. 

Table 1 shows the results of the bleaching treatment on the 14 composite 
samples. The last column gives the percent of the total original zinc which 
is associated with the iron oxide plus that which is base-exchanged in the soil. 


TABLE 2 


Zinc HELD IN LATTICE OF CLAY MINERALS IN SOILS 


Ppm Zn in | % of Total Zn 
Bleached Wt. % in Clay 
Residue of Clay Size Mineral 
Clay-size Lattice 
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These figures vary from 29 percent to 60 percent with an overall average of 
45 percent. This indicates that about half of the total zinc in the soils is as- 
sociated with the hydrous iron oxides. The exact nature of this association 
is not known, but may be in the form of a simple absorption type compound 
or a solid solution of zinc in iron oxide. Such an association of zinc with iron 
oxide is not surprising in view of the highly adsorptive property of ferric oxide 
for other metal ions forming insoluble hydrous oxides (10). 


LATTICE-HELD ZINC 


Some important constituents of soil with regard to zinc associations are 
the clay minerals, which are generally found only in the clay-size fraction 
(<2 microns). It is known that zinc can replace aluminum in the lattice 
structure of montmorillonite, forming the mineral sauconite (11). It can be 


assumed that all the zinc in the clay-size fraction of a soil which is not as- 
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sociated with the iron oxide or base-exchanged is contained in the lattice sites 
of the clay minerals, since in general the clay-size fraction of a soil contains 
only three types of materials: (a) clay minerals; (b) iron oxide, either 
amorphous or as crystalline geothite or hematite; and (c) quartz or possibly 
amorphous silica (12). It seems reasonable to expect the zinc content of 
quartz or silica to be negligibly small. 

The clay-size fractions of the soils were separated, the total zinc content 
of the material was determined, and then a portion of it treated to remove iron 
oxide. The zinc content of the bleached clay residue is due primarily to the 
lattice held zinc, so that by multiplying the ppm. zinc in the bleached residue 
of clay times the weight percent of the clay-size material, and dividing by the 
total original ppm zinc in the soil, the percent of total mineralization held in 


TABLE 3 


EXCHANGEABLE ZINC IN SOILS 


pm Zn 


Our WN 


on 
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Average 2.6 


the lattice of the clay minerals is obtained. Table 2 shows these values for 
the 14 soil composites. It is seen that the amount of zinc presumed held in 
the lattice position of the clay minerals varies from 21 percent to 46 percent 
of the total zinc in the soil, with an overall average of 35 percent. 


BASE-EXCHANGED ZINC 


There is considerable evidence in the literature that natural soils contain 
exchangeable zinc. Hibbard (1) found that small amounts of zinc are re- 
moved from soils by leaching with solutions of sodium acetate, ammonium 
acetate, potassium chloride and other reagents which are known to remove 
base-exchanged ions. This was confirmed by Thorne (3) who found that a 
0.05 N KCI solution acidified to pH 3.2 extracted measurable amounts of zinc 
from the soil. 

Table 3 shows the values for the amounts of zinc removed by the NH,Cl 
extraction of the 14 soil composites. The per cent of total mineralization ex- 
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tracted varies from about 1 percent to 7 percent with an overall average of 
2.6 percent. These values are similar to those found by Hibbard (1) and 
Baughman (13) and indicate the relatively small amount of zinc which is held 


in exchangeable positions. 


SUMMARY OF LOCATION OF ZINC IN SOIL 


Table 4 summarizes the data for the location of the zinc in the 14 soil com 
posites studied. The figure for the per cent of total zinc held by the iron 
oxides has been corrected for the base-exchanged zinc in this table by sub 


tracting the percentage values in Table 3 from those in Table 1. 


TABLE 4 


DISTRIBUTION OF ZINC IN SOILS 


? 
)? 
1 
) 
2 
1 
1 
1 
5 


From the figures in the last column it can be seen that from 60 percent to 
90 percent of the total zinc has been accounted for, leaving 10 per cent to 40 
percent that occurs in some form, other than those shown. There are other 
possible ways in which zinc might be held in the soil: 

(1) With organic matter: It has been shown by Baughman (13) that up 
to 66 percent of the total zinc in a soil can be held by organic matter in a soil 
that contains about 9 percent of the latter. However, since the soils studied 
for this work were all taken at a two-foot depth, the amount of organic matter 
is probably quite small, so that only a relatively small percentage of the total 
zinc would be held in this manner. 

(2) In resistant minerals: Such minerals as magnetite, ilmenite, zircon, 
etc., occur to some extent in soils and it is not unlikely that they could con- 
tain a considerable amount of zinc that would not be removed by any of the 
above procedures, except in the total zinc analysis. It has been found, for 
hat ilmenite separated from a soil in Saucon Valley, Pa., contained 
1.000 ppm zin 

Although the percent of total zinc unaccounted for is as high as 40 percent 
the corresponding absolute zinc values are generally less than 50 ppm, so that 
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When the iron oxide is removed from a soil by a reduction-complexing 
9 : ] 


series of reactions, about half of the total zinc in the soil is also removes 


This portion of the mineralization is concluded associated with the iron 
oxide. 

That part of the mineralization in the clay fraction of the soil that is not 
associated wit l iron oxide is considered to | held 1 I latti portion of 
the clay minerals. Finally, the amount of base-exchanged mineralization 1s 
determined separately by extracting the soil with an ammonium chloride 
solution. 

When the percentages of total zinc held ach of these ways is deter- 
mined on a number of composite soils from Tennessee, it is found that from 
30 to 60 percent of the total zinc is held with the iron oxide, from 20 to 45 
percent is held in the lattice position of the clay minerals, and from 1 to 7 per- 
cent is base-exchanged in the clay minerals. When the individual percentages 
are totaled for each composite, the sum varies from 60 to 90 percent, that is 
from 10 t percent of the total zinc has not been accounted for, depending 
on the particular sample under consideratior It is proposed that this un 
accounted zinc, v h in most cases amounts to less than 
traced to zin ld with organic matter or in resistant minerals 
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HEAVY METAL CONCENTRATION IN STREAMS IN 
NORTH ANGOLA 


D. J. ATKINSON 


ABSTRACT 

In order to determine the extent and characteristics of temporal varia- 
tion in the heavy metal content of surface streams in north Angola, a se- 
ries of observations was made in the vicinity of known mineralization in 
the Bembe valley during five months of 1955. It was found that during 
the dry season concentrations were stable but low. They became very 
high and variable in the early rains: later in the rainy season they fell ir 
regularly to very low, but stable, values. 


INTRODUCTION 


GEOCHEMICAL methods of prospecting have now become established as aids 
in the search for orebodies, which may be indicated by anomalous secondary 
dispersions of heavy metals in soils, vegetation, stream sediments, and natural 
waters. 

Few data have so far been published on heavy metals in natural waters, 
but advance in this field of geochemistry has been more rapid since 1948, 
when details were published of a colorimetric method of measuring very small 
amounts of heavy metals (the “dithizone” field test—Huff, 1948). Prior to 
the development of this test by the United States Geological Survey several 
studies of trace elements had been made, using various methods of analysis. 
Vogt and Rosenqvist (11), working in Norway, concluded that high copper 
concentrations in streams of the Rgros district were related to hidden ore- 
bodies, and Sergeev (6) working in the Altai Mountains in Russia reached a 
similar conclusion in areas of polymetallic mineralization. Huff (2) in addi- 
tion to describing the dithizone field test gave details of anomalous concentra- 
tions (in Gilpin County, Colorado), which were traced upstream to mine 
drainage. While pointing out that ore deposits opened up by mine workings 
inevitably suffer accelerated weathering and may be expected to discharge 
large quantities of heavy metals into the drainage system, he remained hopeful 
that unknown, hidden orebodies might yet be traced by analyses of natural 
waters. Working on the San Manuel copper deposit in Arizona, Lovering, 
Huff and Almond (3) considered that very little copper was dissolving in the 
ground water, and that prospecting by this method was not likely to be suc- 
cessful under such conditions. Chisholm (1) found that it was possible to 
detect zinc mineralized shear zones on the shores of a lake in Ontario by tests 
made on water within five feet of the shore. In the Nigerian lead-zinc belt, 
Webb and Millman (10) found marked increases in heavy metal content where 
streams crossed lodes, but noted considerable differences between values re- 
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corded when the same points were tested on three different occasions. These 
variations, they suggested, were perhaps an expression of the balance between 
dilution by run-off, and increases in metal supply as a result of increased 
ground-water movement. Riddell (4), in the Gaspé Peninsula, Quebec, 
noted variable amounts of heavy metals in the streams; he was able to corre- 
late some high concentrations with known base metal occurrences, but in 
other cases the cause of high values was not discovered. The same writer 
later carried out more detailed work in a small area within the peninsula; 
comparison of the results of soil analyses and water analyses showed that 
though anomalous concentrations in streams corresponded well in many places 


with high values in soils, the results of water analyses were somewhat erratic, 
and gave negative indications in some areas of known mineralization where 
soils yielded strong positive anomalies. 


Modifications of the “classical” dithizone test designed to give greater 
sensitivity have been described by Warren, Delavault and Irish (8, 9) who 
pointed out that in the Pacific Northwest, as a result of heavy run off from 
rain, melting snow, and icefields, prospecting by water analysis is only feasible 
with a test capable of detecting 0.001 ppm of heavy metal. 

The present work was intended, first, to discover whether a known but 
little disturbed copper deposit in Angola gave rise to anomalous metal con- 
centrations in the surface streams, and if its position could be traced from the 
pattern of heavy metal values in the drainage system, and secondly, to study 
the seasonal and daily variations in values at selected points in order to find 
the best method of carrying out hydrochemical prospecting in this region, and 
the best season for such work. 

This study, which was carried out while the writer held the position of 
geologist with Empresa do Cobre de Angola, had to be combined with other 
duties, and as a result it was not always possible to keep continuous records. 
The results are thus somewhat incomplete, but are considered sufficiently 
interesting to be recorded. 


LOCAL CONDITIONS 


The experiments were carried out in the Bembe valley, 160 miles north- 
east of Luanda and 230 miles south-west of Leopoldville. The ore body is 
situated along a reverse fault crossing the country in a north-westerly direc- 
tion and dipping steeply to the south-west. On the north-east side of the 
fault are a series of slates and sandstones; to the south are limestones, over- 
lain by sandstones in such a way that the outcrop of the latter reaches the 
fault at the western, higher end of the valley. Mineralization is in the form 
of irregular nodules and bodies, and also veinlets and stringers of malachite; 
other oxidized copper minerals are present in subordinate amount, with some 
black hydrated oxides of manganese. 

The deposit has been worked sporadically since before 1855 but work 
ceased in 1945 due to the high cost of extracting the ore. Mining operations 
have been mainly confined to the shaded area shown on Figure 1; apart from 
two prospect shafts in the positions indicated, only a few trenches and trial 
cuts have disturbed the surface. 
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Bembe river runs close and sub-parallel to the fault, which outcrops 


on the scarp of the north side of the valley and is crossed by a series of tribu- 


the main Bembe river. 





Mineralised zone 


Prospect shafts 














Sites of water tests in the Bembe valley. 


e of weather changes at Bembe is as follows: there is a 
rain from mid-May to mid-September ; 


nths without any 
l 1 into two parts by a short dry period 


at follows is divided 
month in January to February. The rainy season is preceded by 


iate period” of about four weeks during which slight precipitation 


Second half of 
First half of rainy season rainy season 


rtermedate 
period _~ ve 


JUNE JULY AUG. SEP. ocT NOV DEC JAN FEB. MAR 








Fic. 2. Average interval between successive rains 
hour or two) sometimes occurs from heavy early morning 
The frequency of rain in each month 
f the rainy season, November 


(lasting up to an 
mist, known in Angola as “cacimbo.” 
is shown in Figure 2. During the first half « 
is generally the wettest month; during the latter half, April and early May 





temperature 
*; in the rainy 
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were carried out with the ‘“‘McPhar Water Testing Kit” 
that 


portable field apparatus specially designed so 
its use. A complete description of the apparatus 
by Wark (7). The procedure is briefly as follows: 
is placed in a small graduated Pyrex bottle; the pH 
yy the addition of 1 ml of a buffer-complexer 

i f 1 ml of dithizone are made, and 

the bottom of the bottle 


tandard shade of purple While the droplets 
metal dithizonates is indicated; when the purple shade is 


1 


T 
I I 
of dithizone and the reaction is complete, the flask 


each test The quantity of dithizon 
ntration in t ample; each 1 ml addition (to a 50 ml 
with 0.01 f heavy meta When I 
is present, the droplets formed when the first 1 
have a color in the range green-blue-grev-dark purp!l 
ave a color in the range green-biue-grey-dark purpit 
to increasing concentrations between zero and 0.01 ppm 
o detect and roughly distinguish between these very small 
is 1] 


1; +r 


ithizone are made from small 


4 


litions of buffer solution and « 
ne dispensing bottles, and measured in a small flask set on the in 


test bottle itself. Risk of contamination is thus reduced 


reagent grade chloroform. A stock 0.1 
» give a 0.001 percent solution for the tests. 
Water samp! in cases tested on the spot, but most were 
1 four days until about thirty or forty specimens had 


accumulated, and | be dealt with together. This reduced the time in 


stored bet 


volved in testing and al > amount of chloroform used. The samples were 


stored and collected in 400 ml glass-stoppered Pyrex bottles, which were 


rinsed thr imes in the stream water before being filled to the brim. Check 


n 


tests on 1 samples showed that no deterioration occurred 


RESULTS 


January and February 1955 showed that the heavy 

streams in areas of barren rocks was far less than 0.01 
crossed the mineralized zone this concentration in 

h as 0.10 ppm) and water sampling traverses 

proved capable of tracing the line of mineralization. However, observations 
1 points sl 1 considerable day-to-day variation in the values of 


snowed Col 


1 concentration. 
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study the variation in detail, daily observ: ns at ei t 


oht pe 
ght | 


1t101 11 
August to December, 


nted the latter part of the dry season, and the whole of the firs 


ntinuously as possible over the period 


t 

These observations were accompanied by a detailed record 

fall, - levels, and other relevant features. The sites of the stations 

are shown in Figure 1, and the results of the tests are plotted graphically in 
Figure 3 ‘ach rain 1s represented by a vertical line 

The first three plots refer to stations a short distance downstream from the 


mineralized zone. Station 6 is about 90 m from the fault plane: Station 8 is 


about 50 m, and Station 11 about 60 m from it. 
The three plots show similar features: steady, 
the dry season were followed by small temporary increases 
ries of five heavy “cacimbos” in the intermediate period betw 
1d October 7th. These involved very slight precipitation 


asting between 15 minutes and 14 hours. 
ctober Sth, 10 days after the last of these heavy “‘cacimbos” 
all three stations had returned to the level recorded during the 
evening of October &th, there occurred one 
showers for a further 40 minutes. Readings 
hours after the rain showed three- to five 
tration, Station 6 giving a value of 0.13 pp 
for Station 6 shows, there was, 
from October &th to early December, a close lin bet rainta 
heavy metal concentration. Rain generally occurred in the evenings, 
i hours later almost invariably showed a 
value recorded before the rain. Very high 
curred after two prolonged rains, on November 3rd and 5th 
was a steady decline in the peak values following rains, until by December a 
| in excess of 0.02 ppm was never attained. Statior and 11 
similar features except that no very high val 
first true rains (October 8th—10th 
Stations do not show such a clear correlation 
values and rainfall, particularly in the last month of obser 
decrease in peak values is again apparent until, after five or 
“zero” readings ( 0.002 ppm) were frequently given by the 
It seems reasonable to assume that the broad features of the seasonal vari 


1 


yn in metal concentration are the same from year to year, and accordingly 


the plots of values at Stations 6 and 8 ‘ 
been placed in such a way as to succeed those of December. It appears that 
the low values of the latter part of the first rainy period (October-December ) 
ll by another period of extreme variability in the short dry season, 


for January and February 1955 have 


‘ains are separated by dry intervals of 7 to 14 days or more. 

at Station 8 again rise to 0.02 ppm, whereas values for Station 
ppm and show a particularly clear relation to the incidence of 
expected that had it been possible to continue observations 


econd part of the rainy season (February—May) the plots of values 





would have shown a similar it probably more 
values, as occurred i ie first part of the rains 
Station 14 was situated below the main area of old 
dumps, and received water that had passed through this 
weathering and oxidation. From October 8th onwards the 
pattern of change very similar to those described above During 
season, however, there is variability and in the period of “‘cacimbos”’ 
the rains proper, extreme instability is observed : readin; 
ppm were recorded; observations were too sporadi iblish a relatior 
between mist precipitation and increased values, if it existed. T ry high 
and variable readings of the intermediate period and the moderately high and 
somewhat variable values of the dry season, seem likely to be the consequence 
of the position of this station with respect to the old workings and dumps 
Station 1, situated in an area of undisturbed mineralization, showed similar 
extreme variability in the metal content of the water, particularly during the 
first four days of precipitation from mist, when a value of 1.06 ppm was re- 


2 c.11 


corded (September 13th): the concentration rapidly fell, however, to below 
0.08 ppm. After the first short period of very variable, very high values, it 
is again seen that rainfall was frequently followed by an increase in heavy 
metal concentratior The extended rains of October 3rd to 5th were fol 
lowed by high readings (0.07, 0.10 ppm), as at Station 6 Again readings 
showed a tendency to decrease until, in December, a value of 0.02 ppm was 
never exceeded (cf. August to November, when a value as low as 0.02 ppm 
was only recorded twice). 

This Station lay within an area of disseminated sulfides in the sandstones 
on the south side of the fault (about 100 m from the fault plane Here, dur- 


ing the dry season, the sandstones at the surface showed a coating of leached 


and oxidized material. The first light rain rapidly washed out this very 
soluble accumulation and this was undoubtedly the cause of the extremely 


high local concentrations (up to 1.06 ppm) observed during the first period 
i 


f light precipitation 

Station 27 was located in the River Bembe just above the point where it 
enters the much larger river Luqueia. The metal content of the Luqueia 
above the confluence is too small to measure accurately using the McPhar kit, 
but was estimated as being generally less than 0.001 ppm. The addition of the 
metal-charged Bembe waters to the Luqueia river is not sufficient to raise the 
concentration to 0.01 ppm, but a definite increase is detectable from the 
“stronger” color (i.e., more purple, less blue) produced by the addition of the 
first 1 ml of dithizone solution; the content is, however, estimated as less than 
0.005 ppm. 

The object of locating Station 27 in this position was to discover whether 
a series of tests at tributary mouths on main rivers would lead a prospector 
using the McPhar kit to a deposit of the Bembe type. From experience in 
the country around Bembe, values of 0.02 ppm and less were regarded as of 
no significance; values exceeding this figure seemed to warrant further in 
vestigation. Marked dilution of high values close to the main fault takes 


1 


place verv rapidly as one passes downstream and, for most of the vear. col 
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SEPTEMBER 8 ~ DRY SEASON 








SEPTEMBER 12 - FIRST CACIMBO 





OCTOBER 9 ~ FIRST RAINFALL 
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Fic. 4. Heavy metal concentration patterns. (Concentration as parts per 
hundred million.) 
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centrations exceeding the significant level—0.02 ppm—do not persist as far as 
Station 27. However, as Figure 3 shows, significant values were recorded 
after the first true rains (Oct. 8th-11th) and on two subsequent occasions 
(Oct. 30th and Nov. 11th). Readings in the dry season were very low (0.01 
ppm or less). In the rainy season they were moderately high at first, but 


September 12 values 
Dry season average 
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October 9 values 
October 8 values 
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STATIONS 1~ 27 STATIONS 28—47 


Fie. 5. 


there followed a progressive, though very slight decrease. Even in December, 
however, when most of the stations close to the source of the metal were giving 
readings appreciably less than their dry season level, values at Station 27 still 
frequently rose above 0.01 ppm (the constant reading of the dry season). 
This is a result of local differences in the relative distribution of run-off in the 
dry and rainy seasons. 
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TABLE 1 


a... 
1, & NNN NO 


“ 


aphs of figure 3 indicate conditions at Stations 38 and 44, 


‘k area where the water is unaffected by the Bembe 


Station 44 gave steady readings of 0.01 ppm throughout the 


ariability discussed above and also after the first true rains. 
wed some small variation (in the range 0 to 0.02 ppm) during 
y dewfalls, but in the dry season and through the first heavy 
ntration remained steady at 0.01 ppm. 
itions discussed above are confirmed by detailed records at two 
Numbers 12 and 15. In addition, observations on the concen- 


over the whole river system were made on various occasions. 
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[he metal content at all stations was measured three times during the latter 
part of the dry season (between late August and mid-September Average 
values are given in. Table 1, column |] In general, readings were extremely 
consistent ; only the case of Stations 14 and 15 did any observations differ 
from the average by as much as 0.01 ppm. Values on September 12th after 
the first precipitation (15 minutes of very light drizzle) are given in column 
2; and in columns 3 and 4 the relations (difference and ratio) between dry 
season readings and those of September 12th are shown Che table also in- 
cludes values recorded before and after the first true rain of October 8th and 
gives the rela between these values. Figure 4 illustrates these observa 
tions; in addition histograms have been constructed 

yf ratio values re clearly (Fig. 5 In these diagr 
een divided into two groups, namely, those liable to be 

nineralized zo Stations 1 to 27), and those which 


Stations 2 


TABLE 2 


INS AT STATIONS BELOW AN 


the ratio between September 12th values and those of 
| 


season, are similar for the two groups. About half the stations fall 
1 block, that is to say the readings of September 12th showed no in 
crease, or a reduction, relative to dry season values. The other stations show 
increases up to 3 times, except Station 1, discussed above, which gave an in- 


crease to 


5 times. In the histograms for the ratio between readings on 


October 9th and October 8th it is seen that only 20 percent of the “barren” 


showed an increase of more than 2 times. In the case of streams 


draining mineralized ground, however, 75 percent give a ratio greater than 2 
The third pair of histograms, comparing dry season values with those of Ox 
ober 9th, have essentially the same appearance as those relating October 8th 
and October 9th, confirming that the increases did not occur generally until 
ifter the first rains 

The conclusions that may be drawn are that although local high con 
entrations may occur during the “intermediate period,” it is not until the true 
rains begin that values show a marked increase over those of the dry season. 
Then, as is seen in Table 1, there is an increase in all values, which is much 
more marked in those streams crossing the mineralized zone. The period of 


the early rains is thus one of increased sensitivity, when the contrast between 
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values upstream and downstream of a metal source, is exaggerated. The 
numbers in Figures 6 and Table 2 are taken from three streams crossing the 
mineralized zone; the ratio between the heavy metal concentration below and 
above the zone is shown for each river on four occasions: during the dry 
season ; after the first light drizzle from “cacimbo;” and before and after the 


first rain. 


“—@-—— September 12 - dry season 
——@— October 9 ~ first rains 
=_Oo@ December 13 ~ later rains 


ae 


Mineralised zone 





Stations 


low 
Flow 


Hydrochemical traverses along one tributary crossing the mineralized zone 


A series of detailed traverses along one stream flowing across the miner- 
alized zone further illustrates this point. The tests were made at three differ 
ent times during the year and the results (Fig. 7) show that the zone is only 
detectable in the early rains, not in the dry season, nor during the later rains. 
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The early period of exaggerated contrast (at the beginning of the rainy 
season ), which probably lasts only a week or two, is however also one of con- 
siderable variability, so that comparison of figures obtained in a regional sur- 
vey and not measured simultaneously, would be very difficult. Later in the 
rainy season the day-to-day variation is much smaller but there is then less 
contrast, all readings being low (in general lower than in the dry season). 
\t this time, comparison of values from one area to another is much easier as 
1 result of the reduced amount of daily variation, but the loss of contrast be- 
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tween anomalies and background may then make detection of sources of heavy 
metal extremely difficult. It is possible that a more sensitive test may over- 
come this difficulty. 

The short dry period is seen from the observations of January—February 
1955 to be another period of increased contrast and increased variability. 
Values in the second half of the rainy season will almost certainly show a 
similar decrease in contrast and variability as in the first half. 

In order to investigate the mechanism involved in the variations in heavy 
metal concentrations, a detailed hour-by-hour study was made of the changes 
in the period following a fall of rain. The results are shown in Figure 8. 
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on 26th November was preceded by a dry period of two days, 
7+ 
| 


/th December was after a dry interval of only one day 

t allow the writer to follow up this aspect of the work, but it 
that metal concentrations in the streams reflect the balance 
actors on one hand, and the amount 
of metal entering t 


g the surface drainage on the other 
from ground wate 


was already plain 
between two f dilution by surface run-off 


The metal comes mainly 

r although some is derived from sources at or near the sur- 

face, as at Station 1 where disseminated mineralization outcrops, and Station 

14 where similar conditions have been created artificially by dumping. In 

general, these surface sources have only minor effects, except during a very 

at the end of the dry season when the soluble leached products, 

ver a period of months, are 
7 ; 1eta] } - - ) ‘ - Pr 

r of metal through ground water, from the ore 


r¢ 


short period 


accumulated washed out suddenly 


body into the 
is more constant; but it may be postulated that when the 
s during dry spells, it leaves behind a zone in which metal is 
precipitated, to be flushed out by the next rain. 
depend oO! lengtl 


Ly 
water tabie 


The extent of this zone will 


1 of the dry interval, i.e., the height through which 
water table falls; and the 


i 


amount of metal carried into the surface d 
it ends a dry interval will be, 


in part, proportional to the 
rut 


in addition, the heaviness of the downpour wil 
> total metal content of the 


t 


th zone is flushed out 
1 of 


f the dry season, the zone will attain its greatest extent, 


light drizzle from ‘‘« 
ng the intermediate period is not heavy enough to flush out 
ill amount of material 


> eric 


t 


being very low. It appears that the 


a 
more 

this process only begins when the true 
metal supply is so great that, despite 
me of surface run-off, concentrations rise to very high values 
The constancy and lowness of the concentrations recorded in December 
seems to be the result of the very short interval between successive rains and 
ond to a period in which the water table is high and oscillates fre- 

ut through only small distances. 


rains start. Then the increase in 
the large lu f 


volu 


to corres] 
quently, | Earlier in November, when the 
interval between heavy rains is longer, the water table is lower and has time 
to fall through greater distances during the relatively dry periods; in these 
conditions there may be some precipitation and accumulation of metals be- 
tween rains. But the very high values of November 3rd and 5th, after the 
two prolonged rains, suggest that at that time there still remained a good deal 
of material accumulated during the dry season and not yet washed out. 


These suggestions concerning the processes involved in temporal variation 
1etal concentration are put forward very tentatively. 
been done on this aspect of the subject to 
hief result of the 


inn Insufficient work has 
justify definite conclusions. The 
work has been to determine the characteristics of variation 


t of the surface waters, and to link this with season and rainfall. 


inn etal conte? 
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ON THE OCCURRENCE OF URANIUM IN ANCIENT 
CONGLOMERATES 


CHARLES F. DAVIDSON 


ABSTRACT 


In recent discussions on the origin of the mineralization of the Wit 
watersrand and of Blind River, various departures from actualistic prin- 
ciples have been postulated by geologists of the placerist school in necessary 
support of their views. None of these hypotheses stands up to critical ex- 
amination; and from consideration of the mineralogy and geochemistry of 
the banket reefs it is concluded that the mineralization is certainly not of 
alluvial origin. Claims that detrital uraninite can be recognized in min- 
eragraphic studies lack due objectivity. Because of reworking of the 
uranium and the probable presence of old radiogenic lead, it is not yet 
possible to place any reliance on the apparent ages recorded for these 
banket ores. In speculation on the source of the pay-metals, it is sug- 
gested that the mineralization may be linked to periods of granitization 
late in the history of the Witwatersrand and Huronian geosynclines 


INTRODUCTION 


posits of uranium ore discovered during the world-wide ex- 
plorations of the | 


ast decade are the conglomerate reefs or “bankets” of the 


Witwatersrand and of Blind River. Together these two mining fields will, by 


the end of thi ar, supply around three fifths of the western world’s uranium 
to the value of more than £100 million annually. The South African and 
Canadian provinces are sufficiently similar in their structural geology and 
geochemical characteristics to suggest strongly that the mineralization, how- 


ever it was effected, must be attributed to the same causes in each case. In 


each field the principal ore bodies are reefs of quartz-conglomerate of wide 
lateral extent, bearing uraninite, gold and sulfides, and interbedded with arkoses 
and other quartzose sediments in which mineralization, if present 

very much less pronounced. In any one conglomerate reef of the Wit 
watersrand there tends to be a sympathetic relationship between the tenor of 
uraninite, of gold, and of pyrite; but the relative proportions of these minerals 
may vary greatly from one reef to another within the same province. In 
South Africa it is exceptional to find a uranium content high enough for the 
radioactive metal to be recovered commercially save as a by-product of the 
gold. In Canada, on the other hand, the conglomerates are payable for 
uranium alone and the “patchy” gold is no more than a problematical by- 
product of the future. In a third comparable province, the Serra de Jacobina 
of Bahia, Brazil, the same association of uraninite, gold, and pyrite in con- 
glomerate reefs occurs (69), but here it has not yet been demonstrated that 
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the rocks are adequately mineralized to warrant large-scale mining for : 
the contained minerals. 

The association of uraninite, gold, and pyrite common to these three fields 
suggests that the three minerals have a community of origin, that they form a 
trinity which, regarded from the aspect of ore genesis, must be considered as 

indivisible whole. The South African mines have been sampled for gold 

id uranium more fully and systematically than any other group of deposits in 
world, and it is now generally accepted that the sympathetic relationship 
between the yr of gold and content of uranium indicates beyond all doubt 
that the two metals are co-genetic. Sampling for pyrite and other sulfides 
has been 1 ing like so extensive, but a great many workers in South Africa. 
Canada, and Brazil have remarked on the general parallelism in content of 
Ifi uranium and gold. It would seem that for deposits of this kind 
consanguinity of pyrite, uranium and gold is as irrefutable as is a common 
=: ils commonly found together in polymetallic fissure veins. 
type of ore deposit has been the topic of a long-continued 
y, centered principally upon the Witwatersrand ; and despite inten- 
sive stud) has not been possible to bridge the gap between two schools of 
thought. Mf these attributes an alluvial origin to the pay metals, believed 
ith the conglomerate as placer gold, detrital uraninite and 
sedimentary pyrite (or iron ores which later became sulfidized). followed by 
subsequent metamorphism under “pseudo-hydrothermal” conditions that ob- 
literated most evidence of sedimentary genesis. The other regards the 
mineralization as epigenetic, introduced into the conglomerates by fluids either 
ating from subjacent igneous intrusions or otherwise permeating through 
‘ks late in the formational history of the geosynclines 
form part. The sedimentary control of the mineralization 
than £3,500 million worth of gold has ee produced in 

the discovery of the field in 1886, as a result of mi 

certain conglomerate reefs; and since at first s 

ary control seem synonymous, it is not surp rising 
become the more acceptable to many mining es 
as the hydrothermal theory is better supported by geo 
chemica lence, does not demand the departure from the doctrine of uni- 
formity which placerist views necessitate, and gives a better basis for primary 
exploration for new ields, it has been the more favored by many geologists 

not concerned with di ay mining operations 

The present paper attempts a critical review of the contributions to this 
controversy published subsequent to the discovery of the important concentra- 
tions of uraninite in the bankets. These contributions comprise principally 
papers by the writer (15, 16, 19) favoring, on geochemical grounds, a hydro- 
thermal origin for the ores, and monographs by Ramdohr (55 


l 
5 


) and Liebenberg 
+5) presenting mineragraphic studies in support of a placer derivation. The 
resolution of the differences between the two schools is one of the most im- 
portant problems of economic geology to-day, for not until a better under- 
] 


standing of the origin of the ore-bodies is reached will it be possible to make 


a systematic scientific approach to the problems of discovering new ore fields 
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THE GEOCHEMISTRY OF THE BANKETS 


Until very recently, Government regulations have prohibited the publica- 
tion of information on the grade and extent of uranium ore deposits, and 
reasoned argument on the genesis of mineralization has been inhibited by the 
lack of quoteable analytical data. To remedy this deficiency an indication of 
the grade of the mineralization present in the principal banket fields is given in 
the table below. These data, culled from sources of varying reliability, do 
not pretend to any great precision. 


0.01 0.000x 
0.09 0.00x 


Blind River reefs, Ontario 0.11 0.03 
Pyritoso reef, Brazil 0.01 ?0.000x 


From the geochemical aspect, the most interesting feature of this tabulation 
is a demonstration of the poverty of the bankets in thorium relative to uranium. 
In all normal sedimentary rocks (phosphorites, marine black shales, and some 
limestones excepted) the thorium content is much in excess of the tenor of 


uranium; and in highly weathered sediments such as sandstones and con- 
glomerates the thorium:uranium ratio is commorly 10:1 or more (1). The 
inference is, therefore, that the bankets are not sedimentary assemblages. 

In previous papers the writer (15, 16) has reviewed the available informa 
tion on the radioactivity of modern placer deposits worked for gold. From 
first-hand studies of some thousands of samples collected from alluvial gold- 
fields in New Zealand, Gold Coast, Sierra Leone, Belgian Congo, Northern 
Rhodesia and Colombia, supplemented by published data on material from 
Canada, Alaska, California, Idaho, Mexico and the U.S.S.R., it has been 
possible to demonstrate conclusively (a) that in all instances where significant 
radioactivity is found in an alluvial gold-field, thorium is present in marked 
excess over uranium; (b) that the radioactivity of such auriferous sediments 
nowhere remotely approaches that of the banket reefs; and (c) that such 
radioactivity in modern alluvials is always attributable to refractory minerals 
(monazite, thorite, euxenite, samarskite, xenotime, malacon, etc.) which are 
rare in the bankets, and never to uraninite which is common in these pyritic 
conglomerates 

There are few empiricisms in geology to which an occasional exception may 
not be found; but notwithstanding the intensive world-wide explorations for 
uranium, no single observation antagonistic to the above conclusions has yet 
been reported. On the contrary, the supporting field evidence has recently 
grown considerably. Thus a study of the alluvial gold-fields of Angola (9), 
undertaken in search of uranium, has demonstrated that the heavy concentrates 
are characterized by “a large proportion of rare earths, thorite, columbo- 
tantalates and cassiterite’”—but no uraninite. Along river courses in Southern 
Rhodesia (52) the radioactive minerals in the auriferous alluvium are 
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monazite and thorite; and in Mozambique (9) the heavy minerals of placer 
deposits investigated as a source of uranium are only “ilmenite, magnetite, 
garnet, zircon, monazite, samarskite and columbite.” Further afield, in Korea 
(72) the gold-bearing placers are characterized by monazite, xenotime, fergu- 
sonite, samarskite, columbite and tantalite—never uraninite, though this is 
present rarely, together with gold, in Korean pegmatites. An identical as- 
sociation is seen in the placers of Japan (29). A very extensive study of the 
radioactive minerals present in gold and other placers in many parts of the 
United States, investigated in no less than 48 exploration projects of the U. S. 
Bureau of Mines, has revealed similar detrital assemblages with only one 
recorded “trace” of uraninite (24). In Idaho uraninite is present with gold 

lose to the placers exploited for their radioactive mineral con- 

this environment it is absent from the alluvial assemblages. 

is not restricted to auriferous placers, but extended to sands 

ind gravels of all kinds, the evidence that in such rocks thorium is always 


dominant over uranium and that these radioactive elements are present prin- 


cipally in refractory minerals becomes completely overwhelming. Of over 
60,000 concentrates from almost every alluvial mining field throughout the 
free world examined in recent years by the writer and his former colleagues, 
only one showed a high content of uranium relative to that of thorium. This 
sole exception was a highly radioactive discard from tin-mining operations in 
the Phuket-Phangnga region of Thailand (14), in which monazite and 
euxenite (with some samarskite and brannerite) are present in roughly equal 
proportions, giving a thorium:uranium ratio of close to unity. 

That there may be exceptional circumstances in which uraninite can occur 
as a detrital mineral is undeniable. Reference has been made many times in 
recent discussions to a concentrate reputedly taken by a prospector from a 
placer deposit in British Columbia (61), which is said to contain, as accessory 
minerals in decreasing order of abundance, monazite, scheelite, platinum, 
uraninite, cinnabar and gold; but despite the obvious economic interest of this 
san ple ” it has not be en possible to repeat it in four years of fevered prosp¢ cl 
ing. If genuine, it presumably derives from very close to bedrock mineraliza- 
tion—just as detrital torbernite may, in a desert terrain like that of Mount 
Painter in South Australia, occur in the immediate vicinity of a uranium lode. 
But the question is not whether uraninite occurs as a detrital mineral—it is 
whether it persists. Of this persistence no evidence has ever been found. On 
the contrary, the writer (19a) has shown that on a beach in Cornwall, which is 
fed by mine debris, uraninite introduced as pebbles does not survive as the 


a 


coarser debris becomes comminuted to sand \gain, ina ly of the gravels 
in modern streams draining those areas of the Colorado plateau that contain 
workable uraninite deposits, Chew (10) has shown that the radioactivity be- 
comes undetectable by a sensitive scaler-type Geiger counter at distances of 
more than a mile down valley from the mines or mills. 

A geochemical peculiarity of the Witwatersrand reefs not, so far as we 
know, shared by the other bankets is the presence of osmiridium. Cousins 
(11) has shown that in the Witwatersrand ores there is a sympathetic varia- 


tion between the tenor of uranium and that of osmiridium; and arguing from 
bat Pant 
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the assumption that the latter is “undoubtedly of placer origin” he concludes 
that the uraninite is likewise detrital. But the alluvial nature of the osmiridium 
is very far from certain. Most of the samples of this mineral hitherto studied 
have been from amalgam barrel residues, hence depleted of gold and bearing 
a pseudo-detrital form due to the shaping of malleable particles in the ball 
mills. The photomicrographs of Liebenberg (45), however, demonstrate that 
in the banket the iridosmine is intergrown with gold and thus must be co- 
genetic with the gold (of acid origin) rather than with the chromite (of basic 
origin). Now, this very association of gold, uranium and platinoids that we 
find in the Witwatersrand is one that is characteristic of several deposits 
throughout the world. It is well known in the uranium ores of Athabaska, 
where the precious metals vary sympathetically and exceptionally may be 
present in phenomenal amount (32) ; it is seen in the great uranium deposit 
of Shinkolobwe (21), where the sludges left on leaching the uraninite con 
centrate contain many ounces of gold per ton, with a significant tenor of pal- 
ladium and platinum; and it is also evident in a small gold-uranium-platinoid 
deposit at Ruwe in the Belgian Congo, last worked in 1938 to yield that year 
some 1,800 oz. of platinoids from an ore containing around 4 dwt. of platinoids 
and 3 dwt. of gold per ton. While, therefore, Cousins assumes that the 
sympathetic relationship between gold, uranium and osmiridium furnishes 
proof of the placer origin of the uranium, there seem to be sounder grounds for 
viewing this same relationship as indicative of the epigenetic nature of th 
osmiridium. 

In an earlier paper, the writer (16) has commented that “whilst the likely 
congeners of placer uraninite are absent from the [Witwatersrand] reefs, 
those minerals and metals which habitually accompany uranium of hydro 
thermal origin are invariably present.” This remark is equally applicable to 
the Blind River field. Chalcopyrite, sphalerite, galena, stibnite, pyrrhotite, 
irsenopyrite, skutterudite, cubanite, linnaeite, cobaltite, niccolite, pentlandite 
and related species have all been recorded in mineragraphic studies of the 
bankets The presence of a significant cobalt mineralization is only too well 
known to the metallurgist in South Africa. In the Rand the uranium is re 
covered from solution by means of anion exchange resins, following the re 


moval of the gold by cyanidation; and the cobalticyanides formed in the 


cyanidation tailings form strong “poisons” inhibiting the most efficient use of 
the resins. At Blind River not only are cobalt and copper sulphides and 
arsenides present in small amounts in the reefs, but transgressive shear vein 
deposits in the same district, at Pater Uranium Mines, are mineralized with 
these metals to a workable extent. Since cobalt is the most common com 
panion of uranium in undoubted hydrothermal associations, the co-existence 
of the two elements in the banket is another strong argument against a syn 
genetic origin. 

The radiometric logging of bore holes throughout the Witwatersrand, 
undertaken principally by Simpson (58, 59, 60), has provided a fund of data 
of which the interpretation is still somewhat obscure ; but one most remarkable 
feature of these logs that must be accommodated in any theory of ore genesis 
is that the radioactivity of the rocks in any major section of the sequence tends 
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mentary cycle within the System the radioactivity progressively decreases as 
one passes from conglomerate through quartzite and argillaceous quartzite to 
shale. As Simpson himself has noted (59, p. 140), this is the reverse of the 
radioactivity distribution pattern to be seen in any sequence of normal strata. 
This abnormality suggests very strongly that the distribution pattern of the 
uranium is in no way attributable to sedimentary processes, except in so far 


to vary directly as the particle size in the sediments. In any single sedi- 


as it is governed by the permeability of the strata. 

These geochemical arguments are strong; and to counter them South 
\frican geologists have found it necessary to postulate that the “detrital” ores 
liscussed 


accumulated under various non-actualistic conditions which are ¢ 


below. 
SOME DEI EX MACHINA 


The convincing accumulation of evidence that uraninite does not survive in 
modern alluvial deposits has recently led geologists of the placerist school to 
amend the views that they have long maintained on the sedimentary origin of 
the Witwatersrand ores. It is now held that although the bankets represent 
fossil alluvial deposits with placer gold and detrital uraninite, the deposits 
accumulated under conditions quite at variance with those of the present day, 
thus invalidating actualistic arguments based upon the doctrine of uniformity. 
The game is no longer played according to Lyell. 

Thus Louw (47) has suggested that the gold and uraninite are both 
letrital, and that at the time of their deposition the Earth’s atmosphere was 
1 reducing rather than an oxidizing environment, thus supposedly favoring 
preservation of the uranium mineral. Weibols (70) propounds a theory that 
the major reef horizons of the Witwatersrand originated under glacial condi- 
tions, the uraninite notionally being protected from comminution and dissolu- 


tion by enclosure in boulder clay. Bain (4) is of the opinion that the uraninite 
was refractory to decay since it was liberated as detrital grains at a time prior 


to the establishment of a land flora, when terrestrial waters supposedly were 
neither acid or alkaline 
ing the incompatibility of his various premises, he favors an atmosphere of 
carbon dioxide with some free oxygen (but regards reducing conditions as 
together with glacial conditions and with ground waters hav- 
ing a near neutral pH. Ramdohr (55) postulates that at the time of its 
alluvial deposition the detrital uraninite had a special refractoriness due to it 
The only aspect on which all agree is that the pay minerals 


led 


Liebenberg (45) gives good measure: boldly ignor 
“not unlikely” ! 


being very young 
ire detrital. This unanimity in the midst of dissension recalls the one-min 
ness with which the placerists have interpreted the mineralization as alluvial 
notwithstanding an absence of agreement on whether the host-rocks are con 
tinental, glacial, deltaic or marine. 

It is doubtful whether any useful purpose is served by seriously reviewing 
these various hypotheses, unsupported by field evidence as they mostly are; 
but an excuse for this is to be found in the extent to which such views, if not 
contradicted, may be erroneously regarded as a sound foundation for future 


work. A recent example of this merits quotation. Louw and others have 
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lately postulated the existence of a reducing atmosphere in Precambrian times 
to explain the persistence of “detrital” uraninite and the presence of a high 
uranium: thorium ratio in the banket reefs, in this echoing a similar hypothesis 
pyrite. 
More recently Adams and Pliler (1) have maintained that the high uranium: 


99 


of Lett (43 many years ago, adduced to favor survival of “‘detrital 
thorium ratio in such sediments is indicative of the presence of a reducing at- 
mosphere in Precambrian times. This circle of argument has validity only 
f the uranium mineralization is alluvial, and thus demands acceptance as a 
truism of the very point that is in dispute. 

A brief review of some of the evidence for and against the notional reducing 
atmosphere has been given by the writer in earlier publications, where it is 
suggested that such a conception is incompatible with the existence of ferric 
iron ore horizons in the sediments of the Witwatersrand formation itself. 
Lately Geijer (28) has demonstrated that the sedimentary iron ores of Sweden 
point to the existence of an oxidizing atmosphere about 2,000 million years 
ago; and comparable conclusions for other periods of the Precambrian could 
be drawn from knowledge of the iron and manganese ores of every continent. 


Such deductions are by no means contradicted by conclusions arrived at from 


’ 
the ratio of radioactive elements in ancient sediments, provided the latter 


evidence is studied in full. oth in North America and South Africa a 

thorium-rich mineralization, entirely devoid of uranium minerals and sul- 

nhides. is to be found in sediments of the same age as the bankets and situated 
g 


t distance from the mining fields. Thus in the Huronian quartzites 


t no great 
of Michigan (67) there is to be found the most extensive mineralization of 
(7.6% Tho., O.20%U.O,) ever seen in an ancient sediment, 

‘thorium ratio of 3:1 in the conglomerates at Blind River changing 

ne 200 miles to the west. Similarly in the Mozaan quartzites of 

(18), there are radioactive horizons with monazite, thorite, and 

iring neither uraninite nor sulfides. Comparable zircon-monazite 

ive also been recorded as heavy residues from quartzites close 

contemporary with the Algonkian bankets of Brazil (7). 

im-rich mineralizations may be of hydrothermal origin, co-genetic 

ss zonal around the uraninite-gold-pyrite trinity; but accom- 

are by grains of hematite, magnetite and ilmenite, they have 

ance of being normal detrital assemblages, the same as alluvials of 

present-day deposition. Whatever their origin, they convincingly dispose of 
the mvth that detrital uraninite survived because of a reducing atmosphere. 

The hypothesis of an atmosphere of carbon dioxide adduced to explain the 

survival of detrital uraninite is equally unsupported by the field evidence, for 

carbonate rocks are absent from the Witwatersrand sediments and indeed they 

are uncommon throughout the Precambrian of the world as a whole. The in 

admissibility of this assumption is also manifest on considering the carbonate 

hemistrv of uranium (49), for in the presence of carbonic acid uraninite is 

readily transformed to carbonate salts such as rutherfordine or sharpite. 

Arguments based upon a non-actualistic Precambrian atmosphere may be 

confidently dismissed if it can be shown that conglomerates mineralized with 

pyrite, gold, and uranium are to be found in post-Proterozoic strata. One 
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not wholly unequivocal example is to be seen in the auriferous pyritic con- 
glomerates of the Deadwood formation of Cambrian age, in the Black Hills 
of South Dakota. Here basal quartz-pebble beds, close to the well-known 
replacement ore-bodies of the Homestake mine, were at one time worked for 
gold. According to Lindgren (46) and some earlier authors, these con 
glomerates form “probably the best example of ancient placers”; but later 
work strongly favors the view that the gold is concomitant with pyritic re- 
placements of Tertiary age (51). Age determinations suggest that through- 
out the Black Hills both Precambrian and Tertiary mineralization may be 


present (41 Recently uranium has been found, though not in payabl 


quantity, in the auriferous Deadwood conglomerates (66); and this pyrite 
gold-uranium association must therefore form either a placer accumulated 
under the normal oxidizing atmosphere of Cambrian times (a possibility dis 


counted by earlier arguments) or a hydrothermal, (?) Tertiary, replacement. 
The latter view is supported by the presence of uranium mineralization in 
Ordovician and particularly Cretaceous sediments nearby. The Black Hills 
province, though not strongly mineralized, seems to form a structural link be 


re deposit seen in the Witwatersrand and Blind River, and 
ence seen in Northern Rhodesia and the Colorado Plateau 


thesis that the Witwatersrand cor glomerates are of 


T 
t 
/ 


hy 
s (70) has attempted to show that the major reef horizons 
lites, that the reefs themselves were formed as lag de posits 

re eroded by a transgressive a, tha pay streaks are 

sion channels in lacial 
been tra sported to the 
only in those reef 
Support for these views may 
sparse tillites, and of dreikanter that 
within the Government Reef Series 
gin to these strata dates from a time w 

investigation is perhaps warranted. \gainst 
suggesti . there i 1c overwhelming objection that in the Rand 

lind River) t payable conglomerates are typically oligomictic, the pebb! 
comprisin; lely vein quartz with subsidiary quartzite and chert, whereas 

acia are characteristically the most polymictic of all commot 
strata, with the greatest variety of rock types. Further, it is generally as 
serted (8, hat the economically important reefs are those that have r 
ceived the maximum amount of natural milling, the antithesis of Wiebols’ re- 
quirement \gain, since uraninite is found throughout a geosynclinal sequence 
of 35,000 feet, which from analogy with other geosynclines must have required 
upwards of 20 million years for its formation, this glacial hypothesis demands 
a succession of ice ages much more prolonged than any other known in geo- 
logical history And as no workable placer deposit of gold with uraninite 
has yet been discovered in Canada or Russia despite extensive alluvial pros- 
pecting in these arctic lands (6, 42), it is difficult to see how this hypothetical 
glacial derivation of the bankets materially strengthens the placerists’ case. 
The weaknesses of the alluvial theory lie not so much in past studies of field 
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geology, so ably undertaken by generations of capable workers, as in interpreta- 
tions of the fundamental geochemistry of the ores. 

Ramdohr supposes that the Witwatersrand uraninite was very young at 
the time of its fancied alluvial deposition, this supposition being arrived at by 
an irrational deduction from published age determinations; and he further 
assumes that such young uraninite, derived from primary deposits appreciably 
less than fifty million years old, possesses a refractoriness otherwise quite un- 
known in this mineral. On this hypothesis young uraninite may accumulate 
in a placer deposit under conditions in which old uraninite could not survive! 
In furtherance of this view Ramdohr mentions a very young, supposedly re- 
fractory, uraninite (age thought to be about ten million years) from the Bergell 
Alps (33), which differs from the normal opaque mineral in having a brown- 
red translucency in thin splinters; and he also finds support in the observa- 
tion that “a good octahedral cleavage” is to be seen in many of the Witwaters 
rand uraninite grains, this abnormal cleavage having been notionally induced 
in the young mineral at the time of formation of the conglomerates. None 
of these claims will stand examination. The Bergell uraninite (an occurrence 


in granite devoid of commercial interest) occurs heavily coated with yellow 


alteration products and is manifestly very far from refractory. The “typical 
octahedral cleavage fissures” (of which the three illustrations in Ramdohr’s 
monograph speak for themselves) are to Liebenberg, from a study of 25,000 
grains, no more than occasional “suggestions of an octahedral parting.” In 
the writer’s experience this indistinct parting is less evident in Rand material 
than in some of the hydrothermal uraninite of Shinkolobwe. It has already 
been noted by Rogers (57) in uraninite from pegmatites in Connecticut. As 
a criterion of alluvial deposition it is valueless. 

Some geological considerations likewise rule out Ramdohr’s hypothesis. 
The vertical distribution of uraninite ranges from the basal Dominion Reef 
upwards to the Black Reef. If the mineral were derived as detritus from 


neous 


very young granites and pegmatites, then the emplacement of these i; 


re ck L if 


in masses of truly vast size must have preceded the deposition of the 
earliest sediments by no more than a few million years. Such a concept is 
surely contrary to all ideas of geosynclinal development. And since, as 


already emphasized, the deposition of these 35,000 feet of sediments must 


have taken at least 20 million years, during which period the uraninite would 
lose its refractoriness by ageing, one would expect the dominant mineralization 
to occur in the Lower Division (this, together with the Dominion Reef, sup 
ports two mines) rather than in the Upper Division (where, together with 
the Black Reef, some ninety mines are situated). Thus no support can be 
found for the idea of uraninite being refractory because of an extreme youth 

Next, there is Bain’s contention (4) that the groundwaters in Precambrian 
times, antedating the existence of the first vascular plants on earth and sup- 
posedly preceding the formation of the earliest soils, were neither acid nor 
alkaline, but were exactly of pH 7 at which uraninite is insoluble. It is claimed 
that before the existence of a land flora the ground surface “was mantled with 
disintegrated rock and river water had the same neutral hydrion content as the 
Alpine streams.” Evidence of the validity of this interesting conception is as 
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yet lacking. Such a view would be tenable if the Witwatersrand conglomerates 
exhibited in their pebble content that diversity of rock types which must have 
formed the parent land mass (a diversity such as is seen in Alpine streams) 
and if the quartzites contained a crop of those ferromagnesian minerals (as 
stable as uraninite under neutral conditions) to be expected as derivatives of 
an assemblage of rocks yielding 
Since neither the variety of pebbl 


¢ 


g chromite and zircon as ultimate resistates 
es nor this diverse heavy-mineral assemblage 
is found, but since on the contrary the conglomerates and quartzites display 
less petrological variety than most post-Proterozoic analogues, the notion of 
stability of uraninite due to neutral groundwaters cannot be upheld. 

But even if one or more of these heterodox supports to the placer hy- 
pothesis could be admitted, they one and all fail to explain the 
abnormalities of the bankets. In the Witwatersrand reefs the urania:thoria 
ratio is between 25:1 and 30:1, thorium being quite unimportant relative to 


geo he mical 


uranium; and in the Blind River conglomerates the same ratio is around 3:1. 
In granitic rocks and pegmatites, however, the ratio of uranium to thorium 
has been found by many independent workers to average between 1:34 and 
1:4. Furthermore, the thorium is present in these rocks almost wholly within 
discrete radioactive minerals (monazite, thorite, etc.), which under any con 
ceivable geological conditions have a survival rate certainly not less than that of 
uraninite. A detrital assemblage derived from granites or pegmatites cannot, 
therefore, fail to have an excess of thorium over uranium—and conversely an 
assemblage with uranium uniformly in large excess over thorium cannot be 
derived from granites and pegmatites. These deductions are so convincing 
that in a recent discussion they have brought Liebenberg (45, p. 249) close to 


jettisoning the views on the source of the uraninite that the placerist school 
has hitherto held. He says: “Many workers in the Witwatersrand field, in 


id, i 


cluding myself, favor granitic pegmatites as a source of the components of 
the banket; but the whole question involving the ratio of other radioactive 
minerals is changed if an ancient uraninite deposit similar to the one at Katanga 


{Belgian Congo] were situated in the area from which the erosion 


products 
were derived Ramdohr (55, p. 41) concludes that the whole “‘detrital’’ 
1 from the erosion of an infinite (unendlich) number of 
hydrothermal veins, probably from an array of veins of several different par 


assemblage was derivec 


ata 
genetic types. Thus although a battery of so-called “proofs” has been pri 


duced by Liebenberg and others to show that the Rand uraninite is of a type 


restricted to granites and pegmatites and altogether distinct from the 


uranium 
mineralization of hydrothermal veins, recourse is necessarily made to the latter 
source of origi1 


iv il 


o keep the placer hypothesis alive. 


to | 
Leaving aside the paramount geochemical problems, there is no great dif 


ficulty in envisaging the derivation of a placer mineralization, exhibiting great 
uniformity throughout thin conglomerate reefs of wide extent, from the 
denudation of a regional complex of feebly mineralized granites and pegmatites ; 
but to derive the same uniform mineralization by alluvial processes from 
hydrothermal lodes is quite another matter. In the latter case the pay min- 
erals must be distributed into the alluvium from what are little more than point 
sources; and a uniform distribution throughout reefs or throughout pay 
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streaks many miles away could only be achieved if these sources—the hydro- 
thermal veins—were very numerous and of like mineralogy. Ramdohr’s sug 
gestion that the sources of the mineralization were polygenic, with pyrite, 
arsenopyrite and gold derivative from auriferous quartz lodes, and uranium, 
cobalt, and nickel from polymetallic veins, is even more difficult to maintain 
in view of the sympathetic ratios of the pay minerals in the reefs. 
It is manifest that the several departures from actualistic principles which 
geologists of the placerist school have adumbrated in necessary support of 
views do not stand up to critical examination. If, therefore, the bankets 
do represent fossil placers, we must conclude that the placers were derived not 
from granites or pegmatites but from polymetallic veins; that the normal pro 
esses of oxidation and gossan formation over these sulfidic lodes, and the de 


composition and comminution of the ore minerals during transportation, were 


nhibited by physico-chemical conditions that we can neither envisage nor 


iat these hypothetical lodes surrounded the basin of deposition in 
unparalleled in any known mineral field; and that the tonnage 
dis harged from the lodes into the alluvials, to give rise to ore 
exceeded many hundred-fold that in the richest lode de- 
Ly \cceptance of the hypothesis thus demands a suspen- 
ic judgement in favor of an article of faith, nourished not 


e as by dogma. 


THE EVI N MINERAGRAPHY 


\t the present time the 
55) and Liebenberg (44, 45) or the mineragraphy 
of the Witwatersrand ores. In these works it is claimed that the syngenetic 


origin ol the deposits is conc] 


placer theory is sustained almost solely by the 
monographs of Ramdohr 


usively demonstrated by the rounded shape of 

ontained uraninite grains. Both authors overlook an earlier statement 

(15, p. 14) that “the rounded form of the uraninite 

e Rand thucholite, which superficially might be taken as evidence 

rigin, can be matched exactly by grains from the hydrocarbons of 

There is evidence that their studies have lacked due obj« ctivity 

, for example, in an account (45, p. 159) of the well-crystallized 

1 in 1933 by Mendelssohn and Marland from the Sub-Nigel 

he use of the critical word “hydrothermal” assigned to the occur- 

s discoverers. This mineral, which the present writer (16) has 

» the hydrothermal monazite in the gold-uranium ores of Shinkolobwe, 

ngly dismissed as “an authigenic constituent of the conglom 

the absence of any previous record of authigenic monazite in 
rc KS 


] 


ohr’s studies were based 1 


on “polished sections of 110 specimens 
gether at various periods from 1890 to 1953,” 
lized. Despite a promise that “the author will express himself in 

ious terms, using the indicative mood to describe observations 


tive mood for | ossible (although in some cases very | robable 


many of the specimens 


xplanations,” he has no hesitation in extrapolating from the microscope to 
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the mine. Thus he claims repeatedly and unequivocally that uraninite and 
thucholite are restricted to the bottom of the reefs. ‘Uraninite entered the 
conglomerates as small detrital fragments and, owing to its weight, accumu 
lated at the footwall.” In this a conclusion that can reasonably be drawn, 


without field experience, from a few drawers of miscellaneous specimens—or 
is it rather a revelation of thinking conditioned by pre-conceived ideas? 
Ramdohr even casts doubt on an observation (by the Consulting Geologist!) 


that at Babrosco thucholite may be concentrated not solely at the base of the 


reef, but at the top, the middle, or the bottom. He does not refer to the de- 
tailed reports accompanied by full analytical data which Graton (30), Cowles 


(12) and many others have furnished to show that the ‘rule’ of basal concen- 
tration of gold in these reefs is as much honoured in the breach as in the ob- 
servance Liebenberg (45, p. 170) likewise states that “the highest concen- 
tration of uraninite grains occurs mainly in the lower portions of the con 
glomerate reefs’—although a few visits underground with a Geiger counter 
would hav lemonstrated that this generalization is far from tru The 
writer's own ‘vations made in the latter way, coupled with published 
on gold values, suggest that the distribution of gold and uranium throughout 


| 
Inte 
Gala 


11..1 1 


ill these conglomerat <actly paralleled by the distribution of heavy metals 
in coal ms (17 there may a concentration towards the base, in the 
middle, top, or right throughout, according to the channels preferentially 
taken nineralizing fluids. 
It is noted by Liebenberg that there is much uraninite present in tl 

™ seta ae Sa , have ar Aad £¢ 1 | hich a 
watersrand hat does not have a rounded torm Dut which occurs a 
veinlets and irregular patches in the matrix, in places invading and replacing 


quartz pebbles or pyrite. As this clearly cannot be of alluvial deposition he 
alls it “secondary uraninite,” since he believes it to be derived from original 
detrital grains by reworking. A situation is thus created whereby all rounded 


I 


c 


particles of uraninite in the banket are automatically regarded as of primary, 


letrital origin, whereas uraninite (pitchblende) in any other shape or form 
or reworked. That reworking does occur in the 
ng rise t or more generations of uraninite, was first 


sowie and the writer (15) and has since been proven con- 


determinations (35, 36 Nevertheless, Ramdohr states 
ver seen two or more generations. “The author has searched 


very carefully for pitchblendes that are unmistakeably young . . . but without 

success. If such pitchblendes do exist, they can only play a very small part 
their quantity and distribution.” 

kes another contradiction of the writer’s work in discussing 

ikes another contradiction of the writers work in discussin} 

' 1 

y ¢ l 


rocarbon gases that have been polymerized or condense 


1 


ite, this thucholite being one means whereby 


form thucho 
worked. He states: “According to Davidson the ‘coaly 


from stray methane from the Karroo coals. This view is 

| able, but demonstrably incorrect.” In 1951, reasons were 

1e present writer for regarding the thucholite as predominantly of 
‘thermal age; but in 1953, on being informed of the widespread local 
bundant hydrocarbon gases on the Reef originated in over- 
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lying Karroo coals, he suggested that much of the thucholite could well be of 
post-Karroo date. It was added: “If the derivation of the methane prin- 
cipally from Karroo strata is accepted, it becomes apparent that the two gen 
erations of pitchblende intimately associated with the hydrocarbon of the reefs 
must be of very diverse ages—one presumably quite old, the other as recent 
is post-Karroo.” This inference has now been confirmed by the work of 
Horne (36), who has demonstrated from isotopic assays that some of the 
uraninite is as recent as 110 million years. It is indeed very probable that 
the thucholite has formed at many periods of time and may even still be 


forming; but Ramdohr’s interpretation that organic matter, already poly- 
] 


merized, entered the Black Reef as detritus at the time of the reef’s formation 
does not merit serious review 

Much confusion has arisen in the mineragraphic reports, particularly 
that of Liebenberg, by the usage of the essentially synonymous words pitch- 
blende and uraninite. The Rand mineral is said to be “uraninite” and not 
“pitchblende”—and the placer hypothesis is therefore sustained by a wide- 
spread but quite erroneous belief that the latter is exclusively a hydrothermal 
mineral and the former a pegmatitic (and thus by derivation a detrital) one. 
This South African argument against a hydrothermal origin for the “crystalline 
uraninite” is invalidated by the observation that in every well-described in- 
stance where hydrothermal vein uranium is associated with noteworthy gold, 
such as Shinkolobwe (21), Goldfields (56) and Placer de Guadelupe (40 
the uranium oxide is present, at least in part, as well-developed cubes and 
octahedra. Liebenberg (45, p. 244) has been at pains to chide the writer for 
his use of the term “pitchblende” for the “uraninite” present in the Carbon 
Leader of Blyvooruitzicht. Perhaps it is relevant to quote from his report 


(44, p. 78 


That some pitchblende, closely associated with hydrocarbon, was deposited from 
solution is beyond doubt, as is clearly shown by veinlets and irregular patches of 
this mineraloid occupying fissures and cavities in specimens of massive hydrocarbon 
from the Ventersdorp Contact Reef (Western Reefs), and also in similar materials 
from the Carbon Leader ( Blyvooruitzicht). 

The oval and rounded particles of uraninite so characteristic of the South 
African thucholite as seen under the reflecting microscope were described by 
Bowie and the writer in 1951 as “colloidally dispersed pitchblende in blebs and 
similar forms indicative of a colloidal origin,” in which there is to be seen 
“syneresis and ageing of the colloid system with late redistribution of pitch 
blende, sulphide, and gold in cracks.” Analogies were drawn between the 
structures observed in banket “carbons” and those of thucholite from hydro 


thermal fissure veins. Ramdohr (55), however, contradicts these observations 
with the statement that the uraninite grains are detrital, showing none of the 
characteristics of colloidally generated pitchblendes. Liebenberg likewise 
concludes that “the minute grains of uraninite exhibit all the characteristics 
detrital mineral in appearance and manner of occurrence,” and the 
syneresis or shrinkage structures so well exhibited in some of his illustrations 


of a 


are dismissed as brecciation cracks formed during metamorphism. We have 
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thus reached opposing conclusions from the same evidence. The implications 
of this crucial tenet of the placerist arguments are examined below. 

In both mineragraphic studies, the authors attempt to bring their observa 
tions on the so-called “‘detrital’’ uraninite into agreement with the — 
“modified placer hypothesis” for the gold. Liebenberg states (45, p. 118) tha 
‘the water-worn nature of fresh grains of uraninite is clearly evident. ioe 
grains predominate. Round grains are common whereas subangular or sub- 
hedral grains . . . are comparatively rare.” On the other hand (p. 160) 
‘Rounded and oval grains of gold, perfectly preserved, are only rarely en- 
countered in the matrix of the banket. .. . Most of the gold is not dé trital in 

present form.” In Ramdohr’s work we read (55, p. 22) that “all the 
uraninite grains (of 2,000 examined) are Gerdlle of varying sizes’; and (pp. 

; long been admitted that the gold, or at least most of it, does 
ms such as those we are accustomed to see in placers. . . . The 
recrystallized.” If we accept these observations we must 

at throughout the supposed pseudohydrothermal trans- 

reefs and throughout their complicated metamorphic his- 


a mineral soluble in most geochemical environments, has 
persisted wit ts water-worn form quite unchanged, whereas gold, the 
paragon of chemical stability, has been so dissolved and redeposited that 
virtually no tra yf its detrital origin remains 

The remarkable stability demanded of this “detrital’’ l is evidenced 


{ 
Ramdohr, who previously (54, p. 8 isted ilmenite and 


pical of the Rand paragenesis, nov 10W lat magnetite has 


preserved and ilmenite only rarely. That detrital iron ores 
nitially present in the reefs in quantity proportional to the 

; ill be admitted by eve ryone and that sulphidation 

ores must have occurred during hydrothermal or wey 

hydrothermal activities is likewise undeniable But Ramdohr states that this 
pyritization of ilmenite occurred on such a vast scale that authigenic rutile 
was formed “everywhere in enormous quantities.” Further, this rutile (not 
always being readily apparent) is said to have migrated considerable distances 
even in fi otwall, with sufficient concomitant recot struction of the reefs 
that rutile needles penetrated the periphery of quartz pebbles. It is maintained 
that throughout these reread al vicissitudes the uraninite grains preserved 
their _ tine water-worn surfaces, victorious over the onslaughts of nature! 
But wha at was the chemical environment in which stable or refractory minerals 
like gold and rutile could migrate readily, and uraninite remain unattacked ? 
\nother placerist argument advanced by the mineragrapher is that the 
uraninite is consistently associated with undoubted detrital minerals, showing 
‘a tendency to be concentrated with smaller grains of higher specific gravity 
and larger grains of chromite and secon 4 of Ts r specific gravity” (45, p. 245). 
The on ninerals present of higher specific gravity than the uraninite are 
But the platinoids have been seen in matrix only very 

gold is admitted to be “pseudo-hydrothermally reworked,” its 

being quite irrelevant to these considerations. As indicated 
inite-gold-platinum association is a typical hydrothermal one. 
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‘, Liebenberg (44, p. 82) notes that gold appears to show “a greater 
detrital uraninite than for other detrital constituents such as 

pebbles of quartz, zircon, and chromite.” That detrital chromite and zircon 
] 


should be found in the same parts of a reef as gold and uraninite is not at all 


contrary to hydrothermal ideas, for it is precisely these heavy minerals in 

more than ordinary concentration which would mark zones of scour possessing 
dinary permeability. 

size and well-sorted nature of the uraninite particles is likewise 


idence of alluvial origin. Liebenberg (45) has estimated, from 


25,000 measurements, that “the average diameter of the uraninite grains 
in the Witwatersrand banket is about 75 microns.” He shows that in the 


Kimber] 


ey Reef at East Daggafontein, 70 percent of the measured grains are 
more than 0.03 mm and less than 0.08 mm; and in many mines from 30 to 
50 percent of the uraninite grains are less than 0.05 mm. The maximum size 
of grain recorded at all properties except Dominion Reefs, where the uraninite 
is slightly coarser, is under 0.2 mm. Compare these results with the findings 
of sedimentary petrologists. From pioneer studies on the rounding of sand- 
(73) concludes that grains less than 0.75 mm in diameter can- 


in water. Marshall (50) is of the opinion that grains less 
across diminish in size by solution rather than by abrasion; but 
places the lower effective limit of abrasion by water at 0.05 
suggests that there is a lower limit of rounding by 

m; and ‘J wenhofel (65) believes that round lg f sand 

below 0.5 mm involves extremely long tractional trans- 

ter observations relate to quartz particl nd they 

I] itther minerals ounded grait monazite, 

small as 70 microns ‘tainl) ur in the very 

worked beach sands. But before tl unded shape 
particles of uraninite can be considered as “clear evidence 
nature,” it would seem necessary to demonstrate that 

at the sizes observed. undit lution 

But solution is necessarily denied by the 

solution took place the amount of uranium d 


] ] 


issolved by 
cuvette would have been truly 1 


itwatersral 
nium should have been adsorbed on the shaly 
The fact that the Witwatersrand shales are 


the System is one of the most convincing 


the plac er theory. 


most surprising conclusion of the recent mineragraphic 
m of Ramdohr that a large proportion of the pyrite entered 
grains, thus revivifying the long-extinct conception 
and pyrite “pebbles” are of alluvial deposition. It is 
led 


“the explanation of rounded particles as replaced 


ilmost 100 percent nonsense!,’”’ but beyond this direct negation there 
sion, or even mention, of the very relevant investigations of Hor- 
and other early workers. Ramdohr finds that the pyrite is 


that much of it, including the buck shot, is a concentration of 
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detrital grains. Some, however, represents a replacement of itabirites and 
oolitic iron ores which were pyritized before erosion and deposition in the 
conglomerates. Some is a replacement of ilmenite, magnetite and other iron 
ores present in the “black sand” of the reefs. Some is concretionary, the 
concretions shortly antedating the alluvial gravels in which they later accumu- 
lated. Some is idiomorphic pyrite formed in situ, and some forms fissure 
fillings of relatively recent date. It is claimed that the detrital pyrite ac- 
cumulated under a reducing atmosphere in which sulfur bacteria flourished. 
Liebenberg (45, p. 247) has “endeavoured to steer clear of the controversy 
concerning the origin of the pyrite,” but he is prepared to accept detrital 
pyrite, and a reducing atmosphere, rather than give credence to hydrothermal 
views. Perhaps it is best to leave these claims to speak for themselves. 

The diameter of the “detrital” pyrite grains is not mentioned by Ramdohr, 
but the pyrite Gerdlle figured by him range from 0.05 mm to0.5mm. Accord- 
ing to Young (71) the rounded pyrite in the Rand banket averages about 0.1 
mm across. It is therefore of interest to refer to a study by Douglas e¢ al. 
(22), who from ball mill tests conclude that during alluvial processes there is 
no appreciable rounding of pyrite grains less than 1 mm in diameter. Again 
some experimental demonstration seems to be called for before one can 
seriously entertain the view that grains of 100 microns diameter or less owe 
their rounding to abrasion. 

In Canada the geologists charged with the rapid development of the Blind 
River field have been too busy with their immediate task to give much at- 
tention to fundamental problems of ore genesis; but here also, because of the 
remarkable uniformity in grade and distribution of the mineralization along 
parts of the conglomerate horizons, a theory of syngenetic deposition is favored 
in some quarters. As in the Witwatersrand, field evidence superficially 
favoring a detrital derivation of the radioactive minerals is flatly contradicted 
by geochemical thinking. Holmes (34), referring to the Pronto mine, ob- 
serves: “It may be said with some reservation that high pyrite content will be 
accompanied by high uranium values”; but nevertheless he rather favors the 
conclusion that although the pyrite is undoubtedly hydrothermal, the uranium 
may well be alluvial. One of his main reasons for so doing is that at Blind 
River there are important developments of radioactive quartzites and radio- 
active grits that have as high a uranium content as the conglomeratic ores but 
which are devoid of pyrite. These mineralized quartzites occur where the 
conglomerates are locally absent from the succession, occupying the same 
stratigraphical horizons as the latter. But in no circumstance is it possible 
to envisage the alluvial accumulation of a great concentration of uranium 
minerals, even of refractory minerals, without these being associated with a 
vast excess of titaniferous iron ores. The absence of noteworthy ilmenite or 
titanomagnetite from these pyrite-free quartzites is therefore a clear indication 
that the uranium is not of detrital origin. 

In the Blind River field, much of the uranium is reportedly present as the 
titanate brannerite, uraninite being believed to play a subordinate role; but 
in the Witwatersrand, brannerite has not been specifically recognized, even as 
a minor accessory of the ubiquitous uraninite. The recent mineragraphic 
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ve demonstrated, unwittingly, that this fancied difference be- 
Apart from variations in the tenor of 
I] letely alike 


ions | 
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inve stiga 
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metals, the two fields 
s this fact, hitherto unrecognized, is 


ovinces does not exist 
are, mineralogically, 
the most noteworthy 


tween the 
the pay almost com] 
Perhay col 
of tudies 

In explanation of this point it should be emphasized that the diagnosis of 
nt és as brannerite has been difficult 


dominant uranium mineral at Blind River 


ith the chemical behavior of the ore which, less easily 
solution than uraninite or pitchblende, is < reciably less re 
the brannerite of quartz veins, granites omatit This 
be explained by the observation that 

decomposed to a mixture of fel 


| 
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thorogummite. 
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in the absence of air. Son 
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m the Witwatersrand and I 
s spectrographic studies have posed many 
One note worthy dis overy is th: i 


ent contains a very high tenor of th 
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f galena from the Witwatersrand and 
following results, which in some cases have been 
xperimental error, by check assays carried 
raphic laboratories 
| 
j 


is enormous. If the galena of South Roode- 


liogenic isotopes, is taken as representative 

uniformly distributed throughout the Wit- 

watersrand field a e time of its initial (alluvial or hydrothermal) mineraliza 
tion, then a later addition of close on fifty percent of radiogenic lead becomes 
necessary to provide a galena with the composition of that recorded from Sub 
Nigel (analysi \ similar addition is necessary to account for the 
isotopic composition of the galena from a cross-fracture at Algom (analysis 
VIII). There would seem to be two ways only in which this localized 
radiogenic enrichment could have occurred—either by leakage of the gaseous 
phases radon, actinon, and thoron during the radioactive disintegration of the 
uraninite or brannerite, or by reworking of the uraninite or brannerite, involv- 
iti and redistribution of the radiogenic lead. Since it has been 


1 1 


y (35) that the radon leakage is small, the hypothesis of 


reworking thus omes the sole tenable postulate. ill be noted that the 


galena at Blind River is appreciably richer in *°*Pb (relative to ?°*Pb) than 
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those of the Witwatersrand, a circumstance in line with the greater richness 
in thorium of the Blind River ores. 

The two analyses (IV and V) of galena from Sub-Nigel relate to two 
different concentrates prepared from precisely the same sample. This parent 
sample was itself a concentrate, consisting of uraninite (sp. gr. 7.6) con- 
taminated with galena (sp. gr. 7.5) and assaying 63.0 percent U,O,, which had 
been laboriously prepared from the crude ore of the Main Reef in the labora- 
tories of New Consolidated Gold Fields Ltd. By further beneficiation the 
Geological Survey of South Africa produced from this a galena (IV) contain- 
ing “less than 0.6 percent U,O,” and a uraninite with 66.9% U,O,, and the 
Geological Survey of Great Britain produced a galena (V) containing “less 
than 0.1 percent uraninite” and a uraninite with 72.8% U,QO,, a residue of 
uraninite-galena middlings being left in each case. The leads of these two 
galena concentrates differ in mean mass number by as much as 0.59; and one 
cannot avoid the surprising conclusion that this fractionation must be at- 
tributable to the differing amounts of physical beneficiation that the samples 
have received. It follows that the discrete particles of galena present in the 
reef at any one locality may vary considerably in isotopic composition; and 
as a corollary to this conclusion one must accept that in the reworking of the 
ores the movement of the metals has been restricted to a limited radius (per- 
haps no more than a centimeter or two) without general diffusion throughout 
the reef as a whole. 

Many of the samples of Witwatersrand uraninite that have been examined 
by means of the mass spectrograph have been heavily contaminated with galena 
of unknown isotopic composition, thus vitiating conclusions that have been 
drawn regarding the age of the mineralization; but in the following table a 
list is given of what appear at first sight to be the more acceptable age de- 
terminations, together with recent determinations of the age of the ores from 
3lind River. Ages based on the **Pb:Th ratio are omitted, in view of the 
low thoria content of the ores. 

Of the above determinations, analyses I, IT and III (Sub-Nigel) were 
executed by different laboratories on fractions of the same sample, and there- 
fore demonstrate the measure of agreement obtained by different workers, 
each with his own techniques. Analysis XI (West Rand Consols) is of a 
uraninite specially picked out under the ore microscope as representative of 
reworked mineral of relatively late age. The “best” age of this reworked 
uraninite has been shown elsewhere to be 110 m.y. (36). 

The remarkably low ages reported for the Pronto mineralization relative 
to that of Algom (63, 68) is most surprising, for these two mines exploit 
precisely the same reef of conglomerate and from the field evidence there can 
be no doubt whatever that the two ores are cogenetic. One is tempted to 
postulate that the samples analyzed from Pronto (but not necessarily all the 
Pronto ore) have undergone a relatively late reworking, furnishing a “younger” 
uraninite together with a galena enriched in radiogenic isotopes. 

With but rare exceptions, the general pattern of these age determinations 
is a sequence **Pb:73U < "Pb:2U <*°*Pbh:**Pb. This sequence is the 
reverse of that seen in most age determinations based on the mass-spectro- 
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graphic study of uraniferous monazite, in which the incompatibility of the vari- 
ous ratios may be explained by leaching of uranium; but it is identical with 
the pattern of apparent ages reported from other provinces where uraninite 
or pitchblende is disseminated through sedimentary rocks, particularly the 
Colorado Plateau (62). The same pattern is also to be seen in apparent 
ages derived from many isotopic studies of vein pitchblende, and it is further 
apparent in investigations of many pegmatitic uraninites, notably those of 
Karelia (3). The reason for this consistent discrepancy between the ap- 
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parent ages arrived at from the different isotopic ratios has been sought by 
Stieff and Stern (62) and by Horne and the writer (35). The former 
workers conclude that the discrepancy may most reasonably be explained by 
the introduction of old radiogenic lead at the time of the initial mineralization, 
this old radiogenic lead being found not only in galena but also in pyrite and 
uraninite. The latter attribute the age pattern to reworking of the uraninite 
into two or more generations. 

In earlier discussions of these age problems all workers, including the 
writer, have assumed that the discrepancy in apparent ages can be accounted 
for by a single simple explanation ; but it is now clear that this assumption is 
far from valid. The occurrence of local reworking, in places on an extensive 
scale, is amply substantiated ; but the common presence within non-uraniferous 
sulphide ore bodies such as Sudbury and Noranda (25) of accessory galena 
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] 


enriched in radi nic isotopes strongly suggests that old 1 


ogre radi oe nic lead 


may 
have been a significant component of the primary mineralization of the bankets. 
Age determinations may therefore be complicated (a) by the presence of two 
or more generations of uraninite; (b) by the presence of old radiogenic lead ; 
(c) to a small degree only, by radon leakage.t It has thus become difficult 
to place any reliance on the apparent ages recorded for these banket ores. In 
the Witwatersrand, if old radiogenic lead is absent, the minimum age of the 


mineralization must be around 2,000 m.y., but if old radiogenic lead is present 


the ores can be very much younger, not impossibly even as young as those of 
the Congo-Rhodesian Copperbelt (620 m.y.). imilarly for the Blind River 
ld, it has been seriously suggested (63) that despite their great apparent 


age the ores are “probably not older than Pale ozoic.”’ 
: 1 


fie 


Reflections on the source of this old radiogenic lead insp11 yme thoughts 
on the origin of the ores. Mineralization bearing a widespread enrich 
lained solel w 4 gional regenera 
1 
mineral 
a great tn k1 of sedi 
concentration and redistribution 
d metals must p1 


itization 


HE SOURCE OI 


lence that the metals contained in the banket reefs are epigenetic 
to the reefs themselves is overwhelming; and it therefore becomes of interest 
to consider whether these ore cd | osits are epigt netic to the geosyncline as a 
whole. or whether they arise from mobilization and redistribution of the metals 
originally present in the geosyncline at the time of deposition of the sediments. 
In other words, one must decide whether the metals derive directly as 
emanations from the granitization occurring towards the close of the active 
history of the geosyncline, or whether they have been concentrated in the 


more permeable conglomerate horizons by some form of “sweating-out” or 
lateral secretion from the surrounding strata 
An answer to this question could readily be fot if, in addition to chemical 
assays on ore-bearing horizons, we had analytical information on the normal 
strata throughout the whole geosynclinal sequence. Unfortunately, however, 
mining companies show little interest in strata that ar fF no commercial 
value: and their customary methods of assay perhaps lack the sensitivity neces- 
Sary . ide precise data on so-ca ed “tract — SOl | ot geo he n ical in- 
It has become of fundamental interest to know whether the normal 
quartzites and arkoses of the W itwatersrand and Blind River are si 


richer in gold, uranium, and pyrite than are the arenites of geosynclines that 


gnificantly 


do not contain ore deposits. Although quantitative data are lacking, there are 
some lines of evidence that suggest this is the case. 
First, there is the evidence of gamma loggi1 


ig of boreholes. Radioactivity 


rk by Starik et al. | 
inite is small (1-2%) ane 
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logs of borings through the Witwatersrand System have been published by 
Simpson (58, 59, 60) ; and although these give no precise quantitative meas 
urement of the uranium content of the strata, they do show clearly that the 
arenaceous beds are not less and generally more radioactive than the argil 
laceous ones. Similar conclusicns have been drawn from surface radioac- 
tivity surveys over the outcrop of the Mozaan Series of Swaziland (5). Since 
in all normal stratigraphical sequences argillites are more radioactive than 
arenites, we have here a surprising abnormality; and it is difficult to account 
for this abnormality by variations in the content of “°K, for one would expect 
the shales to be the richer in potash. One must therefore conclude that the 
sandy strata in the Witwatersrand have been epigenetically enriched in 
uranium. 

Second, there is evidence from the gold and pyrite content of the quartzites 


s of these rocks, both in South Africa and 


1 1 


Exceptionally local developm« 


} 
Canada, are sufficiently enricl 
I 


ed in gold or uranium, with or without pyrite, 
to form ore; but little has been published on the gold or pyrite content of the 
so-called “barren’”’ ls. A study conducted by Macadam (48) on 4,000 


feet of boreho I with three or four assays per foot, resulted in the con 


clusion that: 


Very little gold was found in any of the quartzite layers and where gold was 
present, including traces to 4 dwt. per ton, pyritic seams were contained in them 
with some scattered grits and pebbles. Though one might not expect gold in the 
uartzites, it was quite surprising to find that the quartzites were almost devoid of 
gold. ... In the quartzites separating the pyritic seams and reefs the quantity of 
pyrite is not great. Where the reefs contained 3 to t of pyri 
juartzites contained little as j t percent. In some of the quartzite 

to 3 percent was pr it, but these layers proved mu 

content 


] 


It seems probable that a “trace” of gold | 


routine work of a 
mine assay offic ) years ago represents a significant measurable quantity to 


; and Macadam’s work perhaps suggests, not that the 


determines 


the academi 


evoid of gold (a turn of phras« conditioned by com- 


r 
t 
] 
. ban 


{ 
» these rac ntain anoreciab! ; a oes . 
lat these rocks contain appreciaDly more goid and pyrite 
in any similar sequence of “normal” strata. Although 
more data are very desirable, there is some reason to think that the so-called 


“barren” quartzites of the Witwatersrand are much richer in gold than the 


sandstones of other geosynclines. 
g 


Third, the high degree of mineralization in the bankets suggests a source for 
: 1e Main Reef of 


g 
the uranium and the gold from without the geosynclines. T 
Blind River, weighted together with immediately overlying subsidiary con- 
glomerates, has an overall content of around 0.09 percent U,O, over an ag- 
gregate thickness of about 20 feet. Within this thickness there is the same 
is one would find in a thickness of 5,000 feet of average 

ng for loss by solution, within a still thicker pile of sediments 

ranit In the Witwatersrand a single intersection at Rietkuel 

assaying 229 in.-lb has the same uranium content as 2,000—3,000 feet of 


granite. Again, a single payable reef in South Africa with an average of 200 
Sb b . be} 
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in.-dwt. of gold contains in itself as much gold as 3,000 feet of average granite, 
without taking into consideration any other payable reefs or any mineralization 
of sub-ore grade. If, as concluded above, the “barren” quartzites contain at 
least as much gold and uranium as normal sandstones, it cannot but be agreed 
that these elements are epigenetic not only to the reefs but to the System as a 
whole. 

A study of special interest in connexion with this last point has been under- 
taken by Duhoux (23) on the distribution of gold in the Kilo-Moto district 
of the Belgian Congo. Here the precious metal is worked from alluvials and 
from a great many quartz veins cutting schists, quartzites, and itabirites of 
Kibalien (Algonkian) age, these quartz veins being considered to be con- 
temporary with a period of metasomatic granitization of the Kibalien. 
Duhoux’s study furnishes 820 analyses of the gold content of both the Kibalien 
rocks and the granites, and demonstrates that: (a) of 141 samples of granite, 
94 percent are devoid of gold and 6 percent contain ponderable quantities ; and 
(b) of 679 samples of Kibalien, only 8 percent are devoid of gold, 23 percent 
contain traces, and 69 percent ponderable amounts. The distribution of values 
is as follows: 

Tenor of Au, Granite Kibalien 
gm/ton (141 samples) (679 samples 
Nil 94% 8% 
Trace — 23% 
0.05—0.25 4% 50% 
0.25-0.50 - 14% 
0.50-0.80 wil 39 
1 1% 


2% 
>1 <1% <1% 


Duhoux infers that the gold is related to migmatic (but not to “mobilized’’) 
granite, since the exploitable deposits are commonly found close to zones of 
granitization; but he considers that the source of gold is not so much the 
granite itself as the pre-existing rocks that have been metasomatically trans- 
formed, the processes of granitization leading to a concentration and redistribu- 
tion of the metallic elements on an enormous scale. “Le front géochimique de 
granitisation chasse littéralement l’or devant lu.” This conclusion is in keep- 
ing with the well known concentration of gold, both in the form of disseminated 
and quartz-lode deposits, within the roof-pendants and other relics of un- 
granitized schist throughout the African shield (notably in West Africa and 
Southern Rhodesia), rather than in the granitized rocks themselves. The 
same distribution pattern is seen in the auriferous schists, quartzites, and con- 
glomerates of parts of Siberia (20, v. iii, p. 515-522). 

There are no firm grounds for the extrapolation of these views to the Wit- 
watersrand and Blind River; and the hypothesis that the gold-uranium-sul- 
phide mineralization in these two mining fields may be linked to a period of 
granitization in the late history of the geosynclines is at present no more than 
speculation. In comparing the two fields, however, it will be noted that the 
successions of strata in the Transvaal and in Ontario exhibit similarities so 
striking that they may well be more than coincidences. The Huronian and 
the Witwatersrand sediments alike are predominantly arkoses, quartzites, and 
itabirites with subordinate conglomerates and grits, which unconformably 
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overlie an ancient Basement of granite and gneiss. Both systems are suc- 
ceeded by a great thickness of basic rocks—the Huronian by the basic sills and 
lavas of the Keweenawan, the Witwatersrand by the Ventersdorp Volcanic 
Series. In both provinces the epigenetic introduction of uranium seems to 
have post-dated this prolonged volcanic episode—in the Witwatersrand be- 
cause mineralization is locally well developed in the Black Reef, which un- 
conformably overlies the Ventersdorp lavas, in Ontario because Keweenawan 
dikes have formed structural controls (at Camray, Ranwick and elsewhere) 
for pitchblende veins which, according to apparent age data, are more likely 
than not coeval with the mineralization in the conglomerates. In South 
Africa the mineralization apparently dates from the period of post-Transvaal 
earth movements which gave rise to the Vredefort and other domes, accom- 
panied by the Bushveld granite, alkalic plutons, and nepheline-syenite dykes. 
In Canada it may be linked to the Penokean orogenesis and the Killarnean 
granites of Sudbury and elsewhere, presumably contemporaneous with the 
nepheline-syenites and uraniferous pegmatites of the Grenville province since 
these agree in apparent dating with the post-Keweenawan pitchblende veins. 

It is possible to carry speculation much further. May it not be, for ex- 
ample, that the Bushveld Complex with its sulfide mineralization stands in 
the same geochronological and geochemical relationship to the Witwatersrand 
as does Sudbury to Blind River? Are we right in regarding as syngenetic 
the banded ironstones and itabirites that form unexplained regional con- 
comitants of gold deposits in so many parts of the world—or is the iron an 
epigenetic derivative of the complex cookery of granitization? Should we 
view the great mining fields providing the silver of Cobalt, the nickel of Sud- 
bury, the uranium of Blind River, the iron of the Mesabi range and the copper 
of the Michigan Peninsula as basically cogenetic, springing from the same 
metalliferous font—and if so, what was the mechanism in the depths of an 
orogenic belt whereby fractionation of the elements took place? Perhaps 
these questions will never be answered. But it is worth while asking them if 
in a search for knowledge new ore fields are discovered. Useful as the placer 
hypothesis may have been in guiding exploration within a circumscribed area, 
it has provided no satisfactory basis for the search for new mineral provinces. 
A trend of thought that links more closely to orogenic conditions those geo- 
chemical abnormalities that we know as ore deposits may in the course of time 
greatly enrich the resources of mankind. 

University oF St. ANDREWS, 

St. ANDREWS, SCOTLAND, 
April 9, 1957 
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ECTING CURVED-CRYSTAL X-RAY SPECTROGRAPH— 
A DEVICE FOR THE ANALYSIS OF SMALL 
MINERAL SAMPLES? 


I. ADLER AND J. M. AXELROD 


ABSTRACT 


A curved-crystal reflecting spectrometer of the type described by Birks 
and Brooks of the Naval Research Laboratories, but adapted for use in 
mineralogical studies, has been built in the Geological Survey. It has 
been successfully applied to the analysis of tiny crystals, zones in minerals, 
and individual grains in mixed-mineral specimens such as thin or polished 
sections, on grains or areas about 0.5 mm in diameter, X-ray diffraction 
spindles, and small samples of powder weighing a fraction of a milligram 
have also been analyzed without any loss or alteration of the sample. Of 
great value in thin- and polished-section work is the fact that this tech- 
nique can be used to analyze selected areas without mutilating the specimen 
by digging out grains. 

A modification of the curved-crystal spectrometer has made it possible 
to traverse a standard polished section in synchronization with a recorder, 
automatically plotting the distribution of various elements along a se- 
lected line. This method was applied, for example, to a polished section 
containing a central core of pyrite intergrown with and surrounded by a 
marcasite-like mineral. Chemical analysis of a concentrate of these two 
minerals gave selenium, cobalt, and iron as major constituents. A clear 
relationship between the cobalt, selenium, and iron was established by the 
X-ray method, identifying the second mineral as an intermediate member 
of the FeSe:-CoSes series. 


INTRODUCTION 


MINERALOGISTS, geochemists, and geologists are frequently faced with the 
problem of establishing the chemical composition of minute grains or minute 
inclusions in thin and polished sections. There is a particular need for a 
method of analysis that is rapid, nondestructive, and applicable to small sam- 
ples, or, in the case of mounted composite specimens, small selected areas. 
One solution to such a problem has been the construction of a very fine micro- 
analyzer by Castaing in France (5). This device, capable of analyzing sample 
areas of the order of one square micron, uses an electron beam as a probe and 
measures the emitted X-rays. The device is, however, best suited for metallic 
specimens and is very costly. 

Birks and Brooks (4) have recently described a curved reflection-type 
focusing X-ray spectrometer and its application to the determination of micro- 
gram quantities of a number of elements. On samples weighing about 1 mg 
they have reported intensities, resolution, and line-to-background ratios that 


1 Publication authorized by the Director, U. S. Geological Survey. 
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are comparable to those obtained from a 10-gram sample on a commercial flat- 
crystal spectrometer. A modification of this instrument and details of con- 
struction are described in this paper. 

To make clear the functioning of the curved-crystal X-ray spectrograph, 
the principles of fluorescent X-ray spectroscopy (2) are briefly reviewed. 
They are most readily understood by a comparison of the X-ray method with 
the optical emission method. Figure 1 shows the essential arrangement of both. 


X-RAY TUBE 


GRATING 


4 [] ‘CONDENSER 


ARC 
(CONTAINING 
SPECIMEN) 


DETECTOR 


Fic. 1. Arrangement of (top) a flat-crystal X-ray spectrometer and (bottom) 
a curved-grating optical spectrograph. 


In optical spectrography the ultraviolet and visible spectra are excited by 
means of an electric arc or high-voltage spark. The spectra are sorted into 
their component lines by means of a prism or grating and then recorded either 
photographically or electronically. 

For fluorescent X-ray spectroscopy the exciting source is a high-energy 
X-ray tube. The continuous or white radiation falls on the specimen and 
causes it to radiate an X-ray spectrum that is characteristic of the elements in 
the sample. The spectral X-ray lines are sorted out by means of a grating 
(in this case a three-dimensional grating )—generally a large single crystal 
of lithium fluoride, rock salt, calcite, or quartz. 

The early days of X-ray spectroscopy were filled with many spectacular 
successes : the discovery of new elements, the ordering of parts of the periodic 
chart, and definitive mineral research. H.G. J. Moseley was able to demon- 
strate that the number of elements from hydrogen to uranium, inclusive, was 
92, and to show that there were still 6 missing elements. He was also able 
to establish that there were only 16 rare-earth elements between barium and 
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tantalum. The first investigation of a mineral by the X-ray technique was 
made by A. Hadding in 1922. This was followed in two years by the work 
of V. M. Goldschmidt and L. Thomassen who investigated the X-ray spectra 
of rare-earth elements extracted from or contained in a large number of dif 
ferent minerals. These developments were followed by the discovery of haf- 
nium and the determination of halfnium in zirconium materials 
many other discoveries, and it is surprising that this powerfu 
gain wide acceptance, particularly in the United States 


There were 


tool failed to 


CRYSTAL 


S AMPLE 


ment of a curved-crystal X-ray spectrometer, showing position of 
ray tube, curved crystal, and Geiger-Mueller tube (G. M.). 


to face great experimental diff 
‘ in working with relatively is ive detectors 
of these X-ray techniques has become comparatively 
now commercially available X-ray sources and detectors 
shingly reliable and powerful. 


ING CURVED-CRYSTAL X-RA 


\Y SPECTROM 
pectroscopy is the Bras 


nr = 2d sin 8, 


where n is the order of diffraction, A is the wave 


successive parallel planes in the crystal, and 6, 


f the X-rays upon the parallel planes. 
) I 


is so constructed that, as the crystal 
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position parallel to the collimated beam through 90 degrees, it will 
reflect 
Amax = 


successively 
all the wavelengths present in the fluorescence X-ray spectrum 


{up to 
2d) at the appropriate Bragg angle. 


In the curved-crystal X-ray spectrometer, a curved crystal is used 


ina 
manner similar to the concave reflection grating of the optical spectrograph. 
Figure 2 shows the optical arrangement. The sample or sample slit, the 


crystal, and the detector slit lie on a focusing circle of radius R/2. The crys 
tal plate, which is either rock salt or lithium fluoride, is bent plastically to a 


Fic. 3. Photograph of curved-crystal X-ray spectrometer. A, support and 


housing for small synchronous motor; B, polished section in position in instrument ; 
C, mechanical stage of microscope; D, side-window X-ray tube; E, crystal-support 


block and bent crvstal: F, halogen-filled Geiger-Mueller tube; G, small synchronous 
motor: H, Veeder-Root counter; J, clutch; J, crank for drivit spectri 


riving ymeter by 
hand. 


radius R and ground to a radius of R/2. A simple but effective method for 
accomplishing this has been described by Birks and Brooks (3). For a par 
ticular Bragg angle, 6, radiation of an appropriate wavelength, A, is brought 
to a focus as indicated. As the crystal is moved along the 


i 


focusing circle 
sample or source, the spectrum of increasing wavelength is re- 
nr/d)(R/2) 


is the wavelet eth, 


g 
ts surface in accordance with the relationship L 
the distance to the center of the crystal surface, A 1 


stant. and R the radius of curvature of bending of the crystal 


—t 
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Because of the focusing optics a point or line source is used. This makes the 
instrument particularly valuable to the mineralogist. 

Figure 3 shows the X-ray fluorescence spectrometer recently constructed 
at the U. S. Geological Survey. The protective housing has been removed 
to make various details visible. A is the support and housing for the small 
synchronous motor used for driving the specimen slowly across the X-ray 
beam. The specimen moves 1 mm per minute. The motor drives in syn- 
chronization with a strip-chart recorder. As will be described later this is 
useful for studying the distribution of an element in a polished section. A 
clutch arrangement makes it possible to disengage the motor drive and to 
manipulate the specimen by hand to position it correctly in the X-ray beam. 


Fic. 4. Arrangement of X-ray tube, collar adapter, and pinhole collimator. 


B is a polished section in position. The small area of the specimen being 
analyzed lies on the focusing circle. The specimens are the typical polished 
sections used for optical examination, which generally consist of minerals im- 
bedded in plastic. The sample holder is made to take either 14-inch disks 
or l-inch blocks, approximately half an inch thick. C is a microscope me- 
chanical stage that permits easy and precise motion in two dimensions. D is 
a side-window (Machlett OEG-50) X-ray tube. The details of the beam 
collimator are described later. E is the crystal support block and bent crystal. 
It is mounted on a table that permits adjustment of the crystal position both 
for distance and tilt. F is a halogen-filled Geiger-Mueller tube. G is an- 
other small synchronous motor used to drive the spectrometer to trace out a 
spectrum, and it is run in synchronization with a strip-chart recorder. H isa 
Veeder-Root counter geared to read the 20 angle directly. J is a clutch ar- 
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rangement for disengaging the motor drive so that the operator can drive the 
spectrometer by hand with the use of the crank J. 

Figure 4 shows the collimating device for limiting the size of the X-ray 
beam. A collar adapter has been made to fit closely around the X-ray tube 
window. This collar adapter is threaded on the inside, and interchangeable 
pinhole collimators may be threaded into the collar. The pinholes vary in size 
from 1.0 mm to 0.25 mm. The collimators are made of lead and are cone 
shaped to get a pinhole image of the major part of the target. As the sample 


ZnKa 


0.15 mg. ZnS 
|| (patterson screen) 


| 


320 = 


| 
| 
| 
| 


: anh Au Ht = 


10 


° ° 


Fic. 5. Chart of zinc spectrum made from 0.15 mg of zinc sulfide. 


is very close to the pinhole, there is very little divergence of the emitted beam 
and the spot remains small. In effect this is an X-ray beam probe that is 
useful for zoning studies. 


APPLICATIONS 


Analysis of Small Grains—Specimens of extremely small size give ex- 
cellent results. Figure 5 shows the strong signal obtained for zinc from 0.15 
mg of zinc sulfide. In some cases it has been possible obtain positive re 
sults from grains almost invisible to the naked eye. Often it has been pos- 
sible to analyze a single available grain, thus making it possible to identify 
the mineral. 

Analysis of X-ray diffraction Spindles and Powder.—xX-ray diffraction 
spindles and small samples of powders can be treated in the same fashion as 
small grains. Ambiguities in diffraction patterns can be resolved rapidly by 
determining the major elements present in the spindle. This is particularly 
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useful for isomorphous substances and members of solid-solution series. Here, 
as in the case of small grains, the X-ray spindle is recovered intact for future 
reference. 

Polished and Thin Sections —An example of the use of the curved-crystal 
spectrometer in the study of polished sections has already been reported (1 - 
Sample areas as small as 0.5 mm in diameter can be analyzed. This technique 
has been successfully used for the determination of atomic ratios of selected 


elements such as arsenic-antimony ratios in tetrahedrite-tennantite. 


Fe 


Fic. 6. Charts of the concentrations of iron, cobalt, and selenium along two 
lines across a polished section of pyrite with small grains of a second mineral inter 


grown along its edges. 


Zoning Studies.—In the study of zoning one may either investigate selected 
areas for all detectable elements or one may mechanically traverse a polished 


section along a preselected path with the spectrometer set to detect a given 


element. These methods were recently applied to a polished section whoss 
microscopic examination indicated pyrite with small grains of a second mineral 
intergrown along its edges. From optical considerations the second mineral 


might easily have been mistaken for marcasite. Chemical analysis had shown 
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selenium, iron, and cobalt. The specimen was traversed in three different 
areas with the spectrometer set alternately to detect iron, selenium, and cobalt 
in each area. It 


be seen in the recordings (Fig. 6) that the selenium does 
not follow the iron but varies independently. It can also be seen that selenium 
will occur without cobalt, but the reverse is not true. Where a cobalt peak 
occurs, both selenium and iron are present. By examining these traces and 
relating them to the specimen it was possible to locate an isolated specimen of 
the small mineral grains. This was then positioned in the X-ray beam and 
found to contain major amounts of iron, selenium, and cobalt. 

The results of this analysis indicated clearly that: 

1. The pyrite was nonseleniferous. 

) 


2. The gangue contained areas showing native selenium or its oxidation 
products. 
3. 


| grains were an iron-cobalt selenide, probably an inter- 
e FeSe,-CoSe, series. X-ray diffraction data had shown 


the members of this series to be isostructural. 


The small minera 


mediate member of t 


LIMITATIONS 


The present instrumentation is limited, because of air absorption of the 
soft X-rays and low fluorescence yield, to the detection of elements of atomic 
number greater than that of vanadium. By the use of a helium atmosphere, 
of crystals with a smaller radius of curvature resulting in a shorter optical 
path, and of greater d-spacing it should be possible to extend the method 
downward to many of the lighter elements. 
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THE ODARA PEGMATITE 
C. V. PAULOSE 


ABSTRACT 
The paper is a study of the structural features of a complex zoned peg- 
matite in Central Travancore, S. India. The origin of the pegmatite 1s 
discussed in the light of the “replacement theory” and it is concluded that 
the theory cannot reasonably be applied in this case. 


INTRODUCTION 


PEGMATITES containing rare minerals have been and is a subject of much in- 
terest both from the economic and the scientific points of view. Some radical 
deviations from the old conceptions regarding the origin of pegmatites has 
been suggested as a result of recent investigations. Their application in the 
present case is dealt with at a later stage. 

Location.—The pegmatite under study is located at a place called Odara 
(Lat. 9°22’ N and long. 76°38’ E) in the Thiruvalla taluk in Central Travan- 
core. From Figure 1, it will be seen that the spot is within 6 miles by road 
from the two important towns of Central Travancore, viz., Thiruvalla and 
Chengannoor. Through these towns pass the Main Central Road. The 
water route is by canal which connects the area with the Manimalai river, a 
tributary of the Pamba river. Pamba river in turn is connected with the back- 
water navigation routes of Travancore and Cochin. 

Previous Work.—A note on the occurrence of radio-active Columbite in 
the Odara pegmatite (5) is the only available published literature on this 
subject 


STRUCTURAL FEATURES 


The pegmatite occurs as a straight dike cutting through the lateritized 
gneiss (country-rock) in a N-S direction and making an angle of nearly 30° 
with the ground surface. The overall thickness of the dike varies between 
18 ft. to 26 ft. and the thickness of the inner quartz core between 12 ft. to 
18 ft. Mining operations have removed a good length of the pegmatite. 

Zoning in the Pegmatite-——The dike shows all the qualities of an ideally 
zoned pegmatite. The innermost quartz core is surrounded by an interme- 
diate, typically pegmatitic zone containing most of the rare minerals. This 
second zone is again surrounded by the outermost zone which is in contact 
with the country rock. 

Mineralogy of the Zones.—The follov'ing general features are noted: 

(1) The inner core consists of massive, translucent, slightly milky quartz 
and embedded in it are crystals of aquamarine of varying sizes which are vis- 
ible only upon breaking of the quartz. In several of the quartz lumps, crys- 
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tals of aquamarine radiate in different directions from common points. This 
zone contains the major portion of the aquamarine crystals found in the peg- 
matite. It is the only variety of beryl present in this zone. 

(2) The intermediate zone contains all the varieties of minerals found in 
this pegmatite; viz., quartz, feldspar, small beryl crystals of different hue, 
columbite, muscovite, and magnetite. The massive lumps of feldspar are 
kaolinitized. Small beryl crystals are embedded in or protrude out of the 
partly decomposed feldspar lumps. The quantity of beryl available in this 
zone is quite insignificant in comparison with what is found in the inner core. 
Columbite in very small quantity and in partly developed crystals is formed 


-~ INCH TOA Mie 


Index map. 


at the junction between the quartz core and the intermediate zone. The 
mineral shows association with both quartz and feldspar. It also occurs as 
thin plates in between mica flakes which in turn are embedded in small quartz 
lumps. 


(3) The outer zone of the contact zone, contains disintegrated quartz 


fragments, completely decomposed clayey feldspar, a good quantity of small 


books of muscovite, and a few lumps of magnetite. None of the other min 
erals are seen in this zone. 
The structure of the pegmatite may be diagrammatically represented as 


shown in Figure 2. 
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DESCRIPTION OF MINERALS 


Beryl.—Four varieties of this mineral are seen in the pegmatite. Beauti- 
ful sea-blue aquamarine is the important variety with smaller quantities of 
bluish-white common beryl, yellow beryl, and greenish beryl. Aquamarine 
crystals range from 1 in. to 2 ft. in length and 0.5 to 4 in. in diameter. Per- 
fectly developed prismatic and flat basal faces and a slight tapering towards 
one end are the prominent features of these crystals. Slight bending of a few 
of the crystals is also noteworthy. The transparency of the crystals is marred 
by internal cracks. Aquamarine and yellow beryl crystals show patches of 
transparent portions in between the cracks. These transparent pieces pos- 
sibly can be cut into gems. 


( ) ptic al Prope rties. 


(1) Aquamarine—Sea blue in color ; cleavage—0001 poor ; non-pleochroic 
in thin sections and slightly pleochroic in thick fragments with X = faint blue, 
Z = colorless: refractive index? e = 1.584, w = 1.591; w-e = .007; uniaxial 
and negative. 

(2) Yellow beryl. Faint golden-yellow in color; cleavage—0001 poor; 
non-pleochroic in thin sections and slightly pleochroic in thick fragments with 
X = very faint yellow, Z = colorless; refractive index e = 1.572, w = 1.577; 
w-e = .005; uniaxial and negative. 


Chemical Properties. 
Constituents 
sO 
Al2Os 
Fe203 
FeO 
BeO 
CaO 
Naw 
KO 
P.O 
H,O* 
H:O0 


Total 


>p. gravity 


The figures given above represent only the optical properties and chemical 
compositions of two crystals of beryl, belonging to the two varieties that were 
available for this study. 


Columbite.—Physical and Optical Properties —Cleavage—fairly distinct in 


one direction; fracture—uneven; brittle; hardness—6; sp. gravity—5.57; 
lustre—submetallic ; streak—black; radio-activity—-U,O, equivalent of 0.25 
percent ; opaque in thin sections. 


ve indices determined using Leitz jelley refractometer 
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Fic. 2. Sketch Section of Odara Pegmatite. 


Chemical Properties. 
Constituents 


Nb2Os 
TazOs 
S102 
Fe:O 
FeO 
MnO 
U;:0s 
HO* 
H,0 


Columbite 


Total 100.18 


Analyst: C. V. Paulose 


1 the above 


The percentages of niobirum and tantalum oxides obtained ir 
chemical analysis of a crystal of the mineral used in this study agree very wel 
al quantities that could be determined from the graph pre- 
, based on several published analyses of the mineral. 

This is the only variety of mica available in the pegmatite. 
300ks of mica found in the outer zone exhibit 


1 


with the theoretic 
pared by Jahns (3) 

Muscovite 
Thin sheets are transparent. 
a dark tint towards the centre of the cleavage plates. This coloration appears 
to be due to hematite inclusions. Many of the books are marred by ‘A’ reaves 
and cracks. Some show leaf structure with the characteristic mid-rib (Fig. 3). 

Feldspar.—Feldspar in the pegmatite is in a state of alteration into clay. 
\pparently fresh lumps of the miineral, particularly in the intermediate zone, 


exhibit perthitic characteristics. Under the microscope this perthite shows 
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signs of sericitization. Chemical tests indicate a high potash content of the 
mineral. Feldspar in the outer zone is completely altered into clay. 

Quartz.—Slightly translucent quartz is the predominant variety, however. 
Some of the lumps here and there exhibit a smokey hue. In addition to a 
24 ft. diameter crystal of pale pink quartz, a few partly transparent tapering 
crystals of smoky quartz protrude from the central core of massive quartz. 

Magnetite——The mineral occurs as small lumps of irregular shape dis- 
persed in the intermediate and outer zones. The magnetite seems to have 
been derived from the main igneous body and carried up by the magma as 
suggested by Lindgren (4). 


Fic. 3. Mica showing leaf structure. 


ORIGIN OF THE PEGMATITE 


A description of a single pegmatite with definite features probably does 
not warrant any elaborate discussion and generalization on the origin of peg- 
matites. Hence, only the following two important views and their applica- 
tion relating to the origin of pegmatites are considered here. 

(1) The composition of the pegmatite represents the extreme acidic facies 
of molten magmas charged with gaseous matter and metallic vapors. The 
vapors are responsible for the zoning and the rare mineral content of these 
rocks. 

(2) The pegmatite was formed in two phases: (a) consolidation of an 
original quartz-orthoclase magma as graphic granite. (b) Successive replace- 
ment of the original minerals by a series of hydrothermal solutions. Well- 
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known as the “replacement theory,” this theory claims that zoning and forma- 
tion of rare minerals take place during the second phase of development of a 
pegmatite. 


ODARA PEGMATITE AND THE “REPLACEMENT THEORY” 


Field evidences relating to the Odara pegmatite do not give any clues 
which indicate that the rare mineral assembly of this zoned dike is the result 
of replacement. On the other hand, the following evidences weigh in favor 
of attributing a single phase consolidation of the magma with the zoning being 
effected by other causes. 

(1) In the outermost zone, mica is present in greater quantity as compared 
to other zones. ‘This seems to indicate that the initial hot magmatic solution, 
highly charged with steam and light metallic vapors, penetrated the country- 
rock and on being chilled deposited the mica in the contact zone. The pres- 
ence of mica deep within the country-rock at the points of contact adds strength 
to this supposition. In this process, the hot solution might have been aided 
by the alumina and the water content of the country-rock. 

(2) The assemblage of minerals in the intermediate zone indicates the 
natural effects of crystallization in a pegmatite magma that was most likely 
charged with heavier metallic vapors and mineralizing solutions that followed 
the lighter portions that contributed to the formation of the outer zone. 

(3) The central quartz core represents, quite likely, the residual quartz 
which is usually the last mineral to crystallize in any magma. The presence 
of the major portion of the beryl crystals embedded within this quartz core 
indicates that the constituents that contributed to the formation of the mineral 
were present in the magma at the time of the outflow. 

(4) Tapering of beryl crystals both in the central and intermediate zones 
is also significant. It may indicate the effect of slow movement of the mag- 
matic fluid at the time of crystallization of the mineral. 

(5) The bending seen in a few of the beryl crystals of the central core 
suggests that the crystals remained plastic for some time due to the heat of 
the magma and also that the magma was subject to minor local disturbances. 

(6) The sericitization in the perthite seems to have been effected by per- 
colating solutions from the lateritized country-rock rather than by any sub- 
sequent outflow of hot mineral solutions. 

The above evidences make the author feel that the “replacement theory” 
need not always be applicable to the development of zoned, complex pegma- 
tites. Cameron and colleagues (2) after their investigation on the New 
England mica deposits remark: “In most of the pegmatites, field studies, 
however, have given no indication that the zones themselves were developed 
by hydrothermal replacements of pre-existing massive pegmatite.” Almeida 
and colleagues (1) in their contribution on the pegmatites of Northern Brazil 
give expression to a similar view. They say “we have no evidence from the 
field relations of these dikes to suppose that the present mineral assembly is 
the result of a series of replacements as has been suggested by Schaller and 
others.” 
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SCIENTIFIC COMMUNICATIONS 


A SUGGESTED INTERPRETATION OF THE QUEBEC- 
LABRADOR IRON DEPOSITS 


G. VIBERT DOUGLAS AND L. P. COMPTON 


ABSTRACT 
A new interpretation for the sequence of events in the Knob Lake area 


is given. It is suggested that they are more closely allied to the Wabana 
type than the Mesabi. 


There are apparently few papers dealing with the interpretation and genesis 
of these important iron deposits. Retty and Moss (5) believe that the ores 
are the result of the leaching of the iron formation by meteoric waters. 
Harrison (2) supported this hypothesis. 

The geological succession as given in the Iron Ore Company of Canada’s 
table, which was distributed with the typical specimens to the universities, 
seems to open the way to a new interpretation. 

The table as given, is as follows: 

Point Menihek formation—shales and dolomite 
Series 150—1,000’) 
Unconformity 


Sokoman formation—ferruginous beds 
150-600’) 


Ferriman Ruth formation—ferruginous slates 
Series 10-100’) 
Wishart formation—quartzite 
80-160’) 
Pre- Unconformity (? 
nani Fleming formation—chert breccia 
(0—300’) 
Denault formation—dolomite 
Hamilton (0—600’) 
Series 7 
Attikamagen formation—gray and green shales 
0—1,200’) 
Seward formation—dquartzites and grits 
Unconformity 
Ashuanipi Complex 
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The present authors believe that the Hamilton Series is a ternary succes- 
sion on a sinking floor. The land mass lay to the west and the shallow seas 
to the east. This sequence is quite a normal one, with the exception of the 
Fleming Chert breccia. It is suggested here that this rock is a surface breccia, 
which would imply elevation of the area so that the Denault dolomite was 
exposed to sub-aerial erosion. Siliceous, meteoric waters brought about the 
solidification of the breccia (6). 

The base of the Ferriman Series is the Wishart quartzite which may be 
considered as a basal bed, and the start of a new cycle of events. The order 
of the rocks supports the idea of a very shallow sea or inlet with a succession 
of interrupted events. The present writers consider that the ore was laid 
down in somewhat the same manner as that invoked by A. O. Hayes (3) in his 
classic paper on Wabana. At Wabana a number of beds of hematite were 
deposited in a marine environment. Oolitic texture is common in both the 
ores of Wabana and Knob Lake. 

At Knob Lake, in the Sokoman formation the various beds are now 
grouped according to A. M. Crooks (personal correspondence) as follows: 


Top 
Upper Iron Formation 
Lean Cherty—gray in color, some blue hematite 
Slate 
Red Cherty—blue hematite and red chert 
Yellow—high carbonate content 
Gray—lean, gray in color, blue hematite 
Middle Iron Formation 
Red Cherty—blue hematite and red chert 
Yellow-Brown—high carbonate content 
Gray and Pink—gray, white, pink and red oolitic chert, with disseminated 
hematite and bands of hematite 
Lower Iron Formation 
Red Cherty—oolitic blue hematite with dark red chert and bands of hematite 
and chert 
Yellow Cherty—(S.O.1.F.), silicates and carbonates with limenite, some man- 


ganese 
forming floor. 


This sequence of red, yellow, gray, which is thrice repeated, would indicate 
three periods of iron deposition ona mud floor. There must have been a hyatus 
between the three depositions with the water table of the area standing at the 
level that is now represented by the change from yellow to red. If the iron 
had been originally deposited as iron hydroxide Fe(OH), and then gradually 
dehydrated to limonite and hematite, the line of demarkation would be the 
water table of the area with the hematite above and the limonite below. 

The next event was the burial of these deposits by muds that have formed 
the slates and given the grayish appearance to the cherty member, and sealed 
off the previous and foregoing events, thus preventing further oxidation. This 
whole sequence was then repeated in the Upper Iron formation. At Wabana 
at least six distinct beds are known. These have been gently tilted and sub- 
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jected to minor faulting. At Knob Lake on the other hand, there has been 
severe folding and faulting. 

In conclusion the writers believe that the deposits at Knob Lake are mor 
akin to the Wabana type, than to the generally accepted sequence of events 
which have produced the Mesabi deposits. 
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DISCUSSIONS 


GEOTECTONICS AND URANIUM MINERALIZATION, 
AUSTRALIA 


Sir: D. W Bishopp, Econ. GEO-.. No. 1. 57. has criticised 


of expression in J. Rade’s paper “Notes on the Geotectoni ‘ Uranium 
Mineralization in the Northern Part of the Northern Territor Australia” 


(Econ. GeEot., no. 4, 1956) on the grounds of “Geologese.”” Unfortunately 


the subject matter of Mr. Rade’s contribution is even more open to criticism. 
Over tl de 4 years the whole of the Katherine vin area has beer 
' 


scale of 1 inch to the mile by geologists of tl ureau of Mineral 


Lf LU 


Resources, Geology and Geophysics. This mapping does not confirm any of 


Mr. Rade’s theories on the tectonics of the region; his summar 


: ea tic 
Mi um aTy I (Tall? 


raphy is neither up-to-date nor accurate. 
It is difficult to understand precisely what Mr. Rade is « 
more difficult to reconcile his postulates with the known geology of the region 


Mr. Rade appears to have based an imposing theory on a study of four 


, 
ind even 


n ; struc- 
tures, three of which are minor, local shears. On this inadequate basis he 
has invoked Kraus, Bubnoff and others in order to relate these structures to 


1 


theoretical events of regional importance. 


On the structure map accompanying the paper four structures are shown 
One of these, the Giant’s Reef Fault at Rum Jungle is of regional importance. 
The remaining three are insignificant strike shears that localize minor uranium 


occurrences, or, as in the case of the shear located near Burrundie—only 


anomalous radioactivity. The Burrundie shear has a strike length 
200-300 feet; the Brocks Creek shear probably less. There is 
stification for assigning regional importance to individual structures of 
this size 
Mr. Rade’s hypothesis of a couple caused by the differential movement of 
the Cullen Granite is staggering. There is no evidence to suggest movement 


the Cullen Granite mass, which is a normal, discordant, pluton intruded 


at a fairly high level and surrounded by a hornfels aureole. Further, the 

Cullen Granite is cut by the same system of fractures that Mr. Rade claims 

to be a result of the “couple.” This would appear to be a case of the 
] 


eitect 
being impressed 


very markedly on the cause. 
In addition to postulating differential movement of the granite, Mr. | 


introduces a “curving of the orogen,” which is not substantiated by regional 


\adce 
veoloric i lapp 1g 
i L ilke PI 
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The paper clearly demonstrates that the author’s knowledge of the geology 
of this part of Australia is not adequate to justify his excursion into the “realm 
of cloudy hypothesis” to which Mr. Bishopp so aptly refers. 


B P. WALPOLE 


CANBERRA, AUSTRALIA, 
May 6, 1957 


PITCHBLENDE-BEARING VEINS, CENTRAL CITY 
DISTRICT, COLORADO 


Sir: In connection with the article, Paragenesis and Structure of Pitch- 
blende-bearing Veins, Central City District, Colorado, by P. K. Sims (Tuts 


am , 1 
a ge ochemical SOll 


1955 on the Black Hawk Lode No. 1 claim on Silver Hill in the 


i 


JourNAL, Vol. 51, p. 739-756) I conducted 


Pas a oe 11 
zone and found the toliowing: 


1,000 p.p.m. with zine vallies from 0-50 p.p.m. Over the sphalerite-meta- 
torbenite Northeast-trending fractures 


Ass 


Over the Northwest-trending fractures, copper vallies ranged from 300 


, copper vallies ranged from 0-50 p.p.m. 
with zine vallies from 500—-2,000 p.p.m. The Northeast set of fractures was 
extended about 500 feet with about one-foot soil overburden. 


JoHn S. VANDERPOOL 
PIRATION CONS. COPPER CO 
CHRISTMAS, ARIZONA, 
April 26, 1957 


SULFUR ISOTOPES: A REPLY TO PROFESSOR McKINSTRY ? 


Sir: We are grateful for Professor McKinstry’s comments (this Journal, 
p. 196-198) concerning our paper (Vol. 51, 139-149) on the relative abun- 
dances of the isotopes of sulfur in sulfide minerals. He has pointed out sev- 


eral factors in the use and misuse of such data as we presented which we had 
failed to emphasize. We do feel, however, that he has somewhat misunder- 


stood the intentions of the paper. 


The thesis of our paper was that the ratio of the isotopes of sulfur in a 
sulfide sample might be useful in determining the ultimate origin of the ore 


ns. It is assumed, as pointed out by Professor McKinstry, 
sulfur contained in the mantle of the Earth has a uniform isotopic 


composition equal to that of meteoritic sulfur. As he states, these assumptions 


im 
rest on “grounds of logic rather than on direct evidence.” The reason for 
this is, of course, that no direct evidence is available. In such a situation it 


would seem that assumptions based upon logically derived conclusions from 
available astronomic, geologic, and geochemical data are the best obtainable, 
il 


] 


and their use is wholly justified. They are, naturally, subject to error, but 
then so is “direct evidence.” 


We have then assumed that primary sulfides reaching the oxidation zone 


at the Earth’s surface have undergone partial or complete oxidation to sulfate. 


rvatory Contribution No. 25 
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Most of this sulfate was then taken into solution by sea water and much was 
reprecipitated as sulfates in evaporate sediments or reduced by bacterial action 
and incorporated as sulfides in shales and other detrital sediments. These 
assumptions seem safe enough, being based on general geologic considerations. 
Since oxidation-reduction reactions undergone by sulfur compounds are 
known by both theory and experiment to produce large fractionation of the 
isotopes of sulfur with the heavier isotope concentrating in the oxidized form, 
we have assumed that sulfur incorporated in a sedimentary facies dominant in 
sulfate would be enriched in the isotope Sulfur-34, while sulfur incorporated 
in predominantly argillaceous sediments, and more likely consisting of sulfides, 
would be enriched in Sulfur-32. The applicability of this assumption to any 
particular area may certainly be questioned on the basis of the geology of the 
underlying rocks, where this geology is thoroughly known. However, the 
general principle that some masses of sediment will have a higher and some 
a lower Sulfur-32 to Sulfur-34 ratio than does the sulfur within the Earth’s 
mantle seems to be valid. Therefore, when a mass of sediment is subjected 
to orogenic forces or magma formation subsequent to its deposition, and all or 
part of its sulfur content is incorporated into hydrothermal solutions, the 
isotopic composition of the sulfur carried by these solutions will reflect the 
history of the segment of the Earth’s crust from which they were derived. 

In trying to apply this hypothesis to studies of ore deposits all of the 
geologic relations of the deposit must be considered. The isotopic data repre- 
sent an important but not sufficient line of evidence applicable to the decipher- 
ing of the geology. Isotopic analyses are no more foreign to geologic in- 
vestigations than are chemical analyses, X-ray studies, petrographic studies, 
or analyses of rock structure and paleontology. Each of these types of study 
requires special equipment and techniques, and each is best done by an expert 
in that field. However, all have a place in geologic research. 

Perhaps our applications of the isotopic data to the problem of the origin 
of the ore bodies in Central New Mexico, in the Mississippi Valley, and at 
Ivigtut are in error. If so, however, this must be shown on the basis of the 
geology of these areas, not on philosophy. To the best of our knowledge and 
ability we have based our interpretations upon the geologic relations at the 
deposits discussed. 

We agree that it is “too early in the new game to rule out all modes of 
fractionation other than sedimentary.” We hope to do more work on this 
problem ourselves and we are sure that others will engage in similar research. 
However, all of our past attempts to find fractionation effects produced by 
liquid-gas interactions or other plausible fractionation producing mechanisms 
have failed. Since we know that oxidation-reduction reactions do produce 
fractionation we have attempted to synthesize explanations of the available 
isotopic data on the basis of such reactions. We feel that this is preferable 
to using reactions completely unjustified by experimental data. 

We also agree that careful sampling is necessary if analyses of the samples 
are to be most meaningful. However, as we are sure Professor McKinstry 
realizes, careful sampling is costly. In our preliminary work we felt that 
‘asily obtained museum specimens offered the most useful and, at the same 
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time, most inexpensive source of samples. Until we knew what sort of re 


sults we could expect we naturally did not know which areas would merit 
careful sampling and on which areas it would be wasted. In our subsequent 
investigations, which we hope will be published shortly, we have devoted 
much effort to obtaining fully described samples. 
Finally we wish to concur that “geologists need not be overawed by the 
mysteries of a new technique to the extent of accepting its first implications as 
ible gospel.’ However, we would further urge the geologist to accept 
neither the later 


infall 
results of these techniques nor the past or future results of any 
technique as “infallible gospel.” The geologist, if he is to consider himself a 
scientist, must continually question all the assumptions and conclusions of 
geologic researcl No premise of geology, even the most revered, should be 
held to be above questioning. 

HERBERT W. FEELy, 

J. LAURENCE KuLp 


Wayne U. AUL1 
LAMONT GEOLOGICAL OBSERVATORY, 
CoLUMBIA UNIVERSITY, 


HEAT AND TEMPERATURE IN ORE DEPOSITION 


Sir: I was impressed with a treatise on ore deposition by Dr. C. J. Sullivan 
in your Economic Geo.ocy, v. 52, No. 1, Jan.-Feb. 1957, p. 5-24. The 


author advocates, if I understand correctly, that heat and temperature are the 
dominant factors in ore-forming process and the hydrothermal solution theory 
may be disregarded, or at least considered as of secondary importance. In one 
of the applications of his theory the author referred to a typical zonal arrange- 
ment of metallic sulfide minerals that is directly related to thermal stability 
range and corresponding hardness of each mineral. 


In many hydrothermal sulfide deposits that exhibit zonal arrangement of 


the “ore minerals” the representative or dominant gangue minerals may be 


found also in zonal arrangement, in descending order, quartz, chlorite, and 
calcite, as shown below: 


It appears that gangue minerals that ascended with the sulfides from the same 
source are not in harmony with the sulfides, but exactly reverse in zonal 
arrangement, when calculated by hardness and thermal stability. 

that the chemical nature of ore-forming fluids has 


process of ore deposition ¢ 





716 DISCUSSIONS 


The result of my experiment on secondary sulfide enrichment (Econ. 
GEOL., v. 9, No. 8, Dec. 1914, p. 745) shows relative stability of sulfides and 
gangues in N/8 sulfuric acid, and in increasing orders they are calcite, rho- 
dochrosite, siderite, nephelite, pyrrhotite, leucite, tetrahedrite, labradorite, 
hornblende, galena, augite, sphalerite, biotite, fluorite, orthoclase, chalcopyrite, 
arsenopyrite, marcasite, muscovite, pyrite, and quartz. Though the experiment 
was carried out at room temperature and in cold acid solution, yet it may be 
inferred that similar results would be recorded at boiling temperatures. This 
experiment in 1914 incidentally suggests 1) possible acidic nature of the ore- 
forming fluid, as Graton ascertained (Econ. Geot., v. 35, Supp. No. 2, Mch.- 
Apr. 1940) ; 2) zonal arrangement of sulfide minerals, as theorized by Emmons 
(Trans. A. I. M. E., v. 70, 1924, p. 964-997) ; and 3) common association 
of hydrothermally altered minerals; altogether would be regarded as rather 
convincing evidences of possible acidic nature of mineralizing ascending 
solutions 

In connection with the subject questions may be raised to explain why 
ore-forming fluid is of alkaline nature in “depth,” as suggested by Graton 
(Econ. Gro. v. 35, Supp. No. 2, Mch.-Apr. 1940) ; why sulfide ore bodies 
pinch out in depth; why hydrothermal alteration of the wall rock decreases 
in depth and finally disappears ; why igneous host rock becomes fresh in depth 
in harmony with the pinching out of vein and fissures; why primary gangue 
minerals are basic in depth and acidic in upper horizon; why native copper 
incrusted with malachite and azurite occur in peridotite or serpentine or cal- 
ciferous rock; why chalcocite (with bornite) incrusted with malachite 


’ I and 
azurite with absolute absence of pyrite or marcasite occur in calciferous rock 
or porphyritic andesite or vesicular andesite lava with zeolites ; what was then 
the chemical nature of hot ore magma before differentiation; what was the 
chemical nature of the remaining ore magma after each stage of mineral! differ- 
entiation; at what stage the “ore fluid” becomes alkaline and then acidic; 
what are the mineral constituents of the solution at each different stage or 
zone of deposition with respect to the chemical nature of the solution and ther 
mal stability : 


Precise held observations and ] 


logical enquiry into the chemical nature of 
“ore-forming fluid” shall, I believe, lead to an acceptable solution of these 
unknowns and bring us to the final understanding of the “secret” of ore 
depositior 

HrroNAo NISHIHARA 
91 KoMAGoME ASAKACHO, 
}UNKYO-Ku, Tokyo, JAPAN, 
April 30, 1957 


IS LEUCOXENE ALWAYS FINELY CRYSTALLINE RUTILE? 
A REPLY 


Sir: In the December, 1956, number of this journal (1), an article by the 
writers and others (2) is discussed by V. T. Allen, and several questions are 
asked concerning the nature of leucoxene Professor Allen summarizes his 
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own experience with leucoxene and concludes that it may be crystalline rutile, 
sphene, anatase, or brookite, or an amorphous material. 

In view of the many data on the composition of leucoxene published by 
numerous investigators, the question asked in Dr. Allen’s title seems hardly 
necessary, since the answer must obviously be in the negative Our own in- 
vestigation confirmed this to the extent that one of the four leucoxene grains 

.-rayed proved to be brookite. Being aware of the composition diversity of 
leucoxene, we W at some pains to confine our conclusions to the beach sands 
stage of investigation of beach sands, no generalizations 
beach sands are justified 
ntly investigated in detail a large number of individual 
Table 1 contains the results of an X-ray study of 100 
ken at random from fraction no. 2 of a Mozambique beach 
the original article (2, Table III, p. 275). The results 
use they show that although rutile is the predominant con 
lso present along with rutile in 1 out of every 5 grains. 
mstituent *, J. A. Hartman, formerly of this Depart 
leucoxene pr in bauxites and associated clays from 
s. His results (4) further confirm the variability of 
7 


lso suggest that environmental factors determine whether one 


or another will be predominant in the alteration products 


ly 200 individual leucoxene 


hotographs of near 
inatase are present 
ce between Professor Allen and ourselves is in 
He recommends “that leucoxene should be re 
for the alteration product in which titania occurs in rocks.”’ 
fact that leucoxene as he describes it is not one but a group 
tion, his statement should be modified to read ‘a petro- 


Iteration product in which titania occurs in rocks.” 


a 
of the petrographer, this is a convenient usage, for 


id recognizing that a fine-grained ag 
f ] 


ot possible to go bevor 
by alteration of some titanium-bearing mineral. We do 

not object to such usage in petrography nor to the inclusion of amorphous 
alteration products under leucoxene, as suggested by Allen. The use of a 
group term of this type when differentiation of the individual components is 
difficult or impossible is well implanted in the geologic literature ; e.g., limonite, 
wad, bauxite, allophane, etc. If differentiation is possible, however, then 
more specific terms should be used. In studies of titanium minerals in 
polished surface in reflected polarized light, it is frequently possible to dis- 
tinguish several different alteration products of titanium minerals, and the use 
of the term leucoxene to cover them all is not satisfying. Inthe study of beach 
sands, the use of leucoxene to include both amorphous iron-titanium oxides 
and finely crystalline TiO, is particularly unsatisfactory, for practical reasons 
Amorphous iron-titanium oxide has essentially the same iron oxide content 
as unaltered ilmenite, whereas finely crystalline TiO., for which we reserved 
, carries 75 to 92 percent TiO,, and concentrates containing 


uch material are the high-grade “ilmenite” of commerce. 





For this reason, in describing beach sands and discussing the alteration of 
ilmenite, we preferred to follow Tyler and Marsden (5), who restricted the 
term leucoxene to finely crystalline TiO,. It is interesting to note that Cannon 
(3), in discussing the alteration of ilmenite at Trail Ridge, followed the same 
usage as we did. In this connection, our summary (2, p. 264) of Cannon’s 
work is so clearly referred to Trail Ridge that we find it difficult to believe that 
the reader will be misled by our citation of Cannon’s statement on lines 15 and 
16 of page 210 of his article. 

Dr. Allen’s second question is: Has the amorphous iron-titanium oxide of 
Stage 2 a higher moisture or water content than that of leucoxene of Stage 3? 


We cannot answer this. Water was not determined in the samples studied. 


rABLE 1 


X-RAY IDENTIFICATIONS OF 100 LEUCOXENE GRAINS 


Rutile (oriented) 

Rutile (random)* 
Brookite (random) 
Rutile-anatase mixtures 
Rutile-brookite mixtures 


Total 


»f mixtures (first-named component is the dominant one 
Mixture umber 

Rutile (oriented)* + anatase (oriented 
Ru 
Ru 
Anatase (oriented) + rutile (oriented 
Rutile (oriented) + brookite (oriented 
Brookite (oriented) + rutile (oriented 


le (oriented) + anatase (random 


ile (random) + anatase (random 


Total 


ins that the grain is an aggregate of crystals in p 


the grain is composed of crystals randomly oriented 


The matter of water content is one of several problems of the chemistry of 
alteration involved. Beach sands, however, because of their fine grain size 
and because of the impossibility of obtaining fractions consisting solely or even 
largely of one alteration product, are not ideal for chemical studies. 

Dr. Allen’s third question is: Is it possible to decide whether the X-ray 
patterns of the leucoxene in beach sands represent the bulk of the leucoxene 


present or a few well-crystallized spots or grains? This is readily answered 


for our beach sand samples. In polished surfaces, the increasing crystallinity 


is alteration proceeds from amorphous iron-titanium oxide to leucoxene is 
obvious. Furthermore, the completeness of the X-ray patterns and the in 
tensities of the lines and spots contained are comparable to those to be expected 
from completely crystalline samples. As a further check on crystallinity, 
X-rayed leucoxene grains of each category shown in Table 1 above were 
examined individually in transmitted light. This inspection confirmed ob 
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servations in reflected light. The grains are aggregates of minute crystals 


Amorphous material, if present, must be in trace amounts. It will be noted 
in Table 1 that oriented aggregates of crystals are more common than random- 
oriented aggregates. This was also confirmed by examination in transmitted 
light. 

Dr. Allen has cited from his own experience several cases in which leucox 
ene has been shown to be amorphous by X-ray study or in which X-ray patterns 
have been obtained from samples believed to contain only 1 to 2 percent of 
crystalline material. This provoked his question as to how much of a well 
crystallized mineral such as rutile, anatase, sphene, or brookite need be present 
to give sharp lines in its X-ray pattern. This question should be answerable 
in principle. 

In mixtures of a crystalline TiO, polymorph with amorphous material of 
essentially the same composition the intensities of the X-ray patterns should 
vary in a linear fashion with the amount of the crystalline phase present, since 
the absorption coefficients of the crystalline and amorphous components would 
be similar. If only a very small amount of the crystalline phase is present, 
only the strongest lines of its X-ray pattern will be visible on a photograph of 
normal exposure \ progressive increase in the proportion of the crystalline 
phase present relative to the amorphous material will cause a progressive in- 
crease in the intensity of the strongest lines and the appearance on the photo- 
graph of those less intense lines of the pattern which previously were not visible. 
For standard sample sizes, exposures, and processing conditions, even a rough 
examination of the number of lines present on an X-ray photograph, along 
with their intensities, will tell whether a sample is predominantly crystalline 
or amorphous. More quantitative results can be obtained by comparing the 
-d line from the pattern of the crystalline phase with that of 
a line from an added internal standard or with the intensity of the primary 


intensity of a select 


X-ray beam. The foregoing technique, of course, is only valid for a well 
crystallized phase, such as Allen postulates, since a less perfect, but still com- 
pletely crystalline phase will tend to have smaller peak intensities. 

We have determined experimentally that sphene can be detected when 
present in quantities at least as small as 0.5 percent, thus verifying Dr. Allen’s 
observations. To do this, we weighed out samples containing $%, 1%, and 
2% of a powdered sphene crystal. The remainder of each sample was com- 
posed of glass made from part of the same sphene crystal by heat treatment. 
The glass was amorphous, as tested by X-ray diffraction. Each sample was 
thoroughly mixed, then loaded into a glass capillary tube of internal diameter 
0.3 mm and exposed 


for two hours in a 57.3 mm diameter powder camera. 
The 6 strongest lines of the sphene pattern are barely visible in the pattern 
obtained from the 4% sample. These lines are stronger in patterns obtained 
from the other two samples, and a total of 18 lines is visible in the pattern 
obtained from the 2% sample. The weakness of these lines relative to the 
intense amorphous band leaves no doubt but that the bulk of each sample is 
amorphous. 

In closing, we wish to make a plea for more mineragraphic work on titanium 


minerals and their alteration products. In reflected polarized light, the possi- 
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bilities for distinguishing sphene, rutile, anatase, and brookite are greatly en- 


; 
hanced. Even when specific identifications cannot be made owing to the fine 


types of materials that exhibit distinctly different colors, reflectivities, or de 
grees of anisotropism. Individual grains of each type can be removed from 
the surfaces and checked by X-ray methods. These then serve as standards 
for differentiation within the particular suite of materials. We suggest that 
more widespread use of mineragraphy in studying the alteration products of 
titanium minerals will do much to clear up the uncertainties encountered in 
interpreting petrographic, X-ray, and chemical data of the kinds mentioned 
by Allen. 

We wish to thank Mr. Roger L. Borst for taking the x-ray photographs 
discussed in this note 


grain of aggregates, it is sometimes possible to recognize the presence of several 


SturGEsS W. BaAILeEy 
EUGENE N. CAMERON 
UNIVERSITY OF WISCONSIN, 
MapIson, WISCONSIN, 
May 11, 1957 
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Geology of Uranium and Thorium. Proceedings of the International Conference 
on the Peaceful Uses of Atomic Energy, Geneva, 8-20 August, 1955, Vol. 6. 
Pp. 825. United Nations, New York. 1956. Price, $10.00.1 Contributions to 
the Geology of Uranium and Thorium by the U. S. Geological Survey and 
Atomic Energy Commission for the United Nations International Conference 
on Peacefu ses of Atomic Energy, Geneva, 1955. Compiled by L. R. PAce, 
H. E. SrockineG, and H. B. Smiru. Pp. 739. U.S. Geological Survey, Prof. 
Paper 300, Washington. 1956. Price, $6.00. 

Geneva Conference probably was the most important gathering of scientists 
neers yet sponsored by the United Nations, and it covered all 
Ithough only a handful of geologists were among the 

and their presentations had to be squeezed into a single day’s sessions, 1 

authors submitted well over 100 papers for publication in the proceedings 

conference. The contributions by the United States were also collected and printed 

separately by its Geological Survey. 

This record is a monument to a decade of achievement in this field of geological 
science. Judged at its face value, the publications indicate that (with a few notable 
exceptions) a large part of this contribution has been made by geologists in the 
United States, who contributed two-thirds of the papers. National comparisons 
seem in order, in view of the fact that most work in this field has been closely con- 
trolled and supported by the Governments concerned. Half a dozen other countries 
reported to the Conference on the beginnings of exploration programs for uranium 
and thorium. Good summaries are given of new vein deposits in France and 
Portugal. A few other papers are more detailed but undistinguished, and the de- 
scription of Spanish uranium minerals by R. F. Cellini is simply and completely 
inconclusive. One of the most important papers in the volume is the comprehensive 
description of the Shinkolobwe (Belgian Congo) deposit by J. J. Deiriks and J. F. 
Vaes. The geological and mineralogical relations are well documented by mine 
mz and pl micrographs. The bare and succinct paragraphing of the authors 
is a model of objectivity that extends even to their concluding discussions, but does 
not make for easy reading. 

Only a quarter of the 70-odd delegations made any contributions to the volume 

\ review of the important Canadian deposits will be found only in the 
of the panel discussion; apparently no formal paper was submitted. 


1 


iption of the Australian deposits does not do them justice. It is a 

I re as to what extent complete omissions or very restricted dis- 

cussions are due to security policy or simply to a misunderstanding of the scope of 
the conference. The omissions occur on both sides of the iron curtain, including 
the Union of South Africa as well as the US.S.R. and Czechoslovakia. The dele- 
gation from the U.S.S.R. included several geologists, but only two papers (on 
prospecting techniques) were presented. he ensuing oral discussion yielded such 


13 
ai 
nuggets as “Chairman: I have another question from Mr. Lang (Canada): ‘Can 
Mr. Melkov tell us if airborne surveys in the U.S.S.R. have resulted in discovery 


French, Spanish, or Russian 
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of important uranium deposits?’ Mr. Melkov (U.S.S.R.): ‘I have already read 
out, from the paper prepared by Mr. Baranov, the statement that a number of 
industrial deposits have been discovered in the Soviet Union by this method!’ ” 
The U.S.S.R. delegation presented an extensive exhibit of new minerals (without 
locality designations), although some of these have since been more or less dis- 
credited (Amer. Mineral. 41, 816; 42, 307, 442). The U.S.S.R. apparently made 
rather extensive contributions to some of the other technical sessions. 

The geology of uranium and thorium has presented a considerable challenge to 
the profession. Many pitchblende veins can be interpreted by classical methods, 
but the relation of this material to the primary ore of the Colorado Plateau is 
another question. And the thorium-bearing veins of Colorado are such a recent 
geological discovery that very little is known about them. The oxidized ores of 
the Colorado Plateau represent a geological type that had been very sketchily stud- 
ied before the uranium hunt, and the primary ores had been generally recognized 
for only a very few years before the Conference. The challenge of these problems 
has been met with a wide range of new approaches to geological mapping. In addi- 
tion to the expected radiological methods, every sort of sedimentary feature is being 
quantitatively investigated (e.g., permeability by D. A. Jobin and B. A. Phoenix, 
isoliths by Y. W. Isachsen, and paleotopography by R. J. Pitman, H. B. Wood and 
others). J. H. Mackin and D. L. Schmidt make an interesting application of 
glacial geology and geomorphology to the understanding of placer deposits. The 
old but confused concept of comagmatic and metallogenic provinces is realistically 
delineated (and isn’t it about time!) by the statistical analysis of R. R. Coats. 
[he combination of these and more conventional methods has solved many problems, 
but many others remain: L. R. Stieff’s careful age work has dealt the final blow to 
the syngenetic theory for the Colorado Plateau deposits, but the question of the 
origin of the uranium still makes geologists choose sides. 

lhe stated emphasis of the exploration programs in the U. S. and U. K. is on 
geological methods. It is gratifying to find that a number of the deposits described 
here were discovered by geologists of the U.S.G.S. or A.E.C. A. H. Lang also 
gives some interesting history of the discovery of Canadian deposits by prospectors, 
and of their relation to professional geologists in the exploration program. How- 
ever, the exploration program, at least in this presentation of its results, seems to 
over-emphasize strictly mapping techniques. The volume overflows with maps, 
including many of unimportant small prospects and other areas of little general 
geological interest. Even some important deposits of the Colorado Plateau are 
duplicated in descriptions in two or more papers. The U.S.G.S. editorial require- 
ments have apparently dragged in a large number of superfluous full-page index 
maps. Photographs, or even diagrams, are nearly nonexistent; just about the only 
photomicrographs are in the paper by Deiriks and Vaes, and there are no auto- 
radiographs. Clifford Frondel gives an excellent summary of the mineralogy and 
geochemistry of thorium, but no comparable paper on uranium is included. How- 
ever, A. D. Weeks’ summary of the relations between mineralogy and geology in 
the oxidation zones of the Colorado Plateau is a beautiful piece of work that par- 
tially fills this gap, and should be assigned reading in any economic geology course. 

Several of the review articles will be of most interest to the casual reader, 
particularly those on the Colorado Plateau by R. P. Fischer, on igneous rocks by 
G. J. Neuerburg, and on the genesis of uranium deposits by V. E. McKelvey and 
others. The world summary by P. F. Kerr is in a special class, inasmuch as it is 
prepared for the lay reader. It therefore must include a number of geological 
generalities such as a diagram of the earth’s interior, but it is difficult to understand 
why it gives such details as a complete list of radioactive minerals in the Bancroft 
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pegmatite. Although some attempt is made to make the language non-technical, 
the statements of concentration must be very confusing to someone without a large 
table of conversion factors: in two pages uranium concentrations are given in grams 


per ton, parts per million, per cent uranium, per cent U,Og, and pounds U,QOx per 
ton. Further, “Urey indicates that uranium is the least common element in the 
earth, having an atomic abundance of 0.0002 (Si equals 10,000).” Actually this 
value is derived ultimately from H. S. Brown, and refers to the composition of an 
average meteorite 

; 


». A feature that recommends Kerr’s paper is that it includes 
1e literature. It is also stated to cover most of the papers of th 
conference, but many of these seem not to have been taken into account: R. Cavaca 
on Mozambique, M. G. White on Serra de Jacobina, and several important con 
tributions on oxidation relations in the Colorado Plateau deposits. Kerr’s paper 
includes a two-page summary of the origins of radioactive ore deposits, and a 


a review of all t 


selected bibliography of one hundred references. 

Each of the two publications has its advantages. The U.S.G.S. volume, besides 
being less expensive, is logically arranged and contains abstracts and indexes. A 
paper on the analytical chemistry of uranium and thorium has been added. On 
the other hand, the U. N. volume includes a few good papers on foreign deposits, 
such as that on Shinkolobwe, and also Kerr’s review of the world literature 

The published results of this conference demonstrate its value in easing t 
current situation in this important field. The conference should serve as a model 
for future conferences on radioactive materials, and perhaps others on less spec- 
tacular but equally important elements such as phosphorus, iron or titanium. 


WILi1Am T. HoLser 


world exchange of information and in precipitating a world-wide appraisal of the 


INSTITUTE OF GEOPHYSICS, 
UNIVERSITY OF CALIFORNIA, 
Los ANGELES, CALIFORNIA, 
July 17, 1957 
Geologicheskaya Literatura SSSR. 1956, No. 1. Quarterly. Moscow (Gos- 
geoltekhizdat), 1956. 55 pp. Price 3r. 45k. (50 cents). 

For many years there has been published in Moscow an annual Bibliography 
listing the works on the geology of the U.S.S.R. received by the All-Union Geo- 
logical Library. To speed up research, this reference journal is henceforth to be 
issued in quarterly parts. The first number in the new format, covering Russian 
literature catalogued in January-March 1956, contains 1,190 entries which are 
grouped under subjects (with sub-headings) in the following proportions: gen- 
eralities including history and personalia, 136; physical geology, 97; regional 
geology, 177; palaeontology, 131; geochemistry, 15; laboratory techniques and 
chemical analyses, 78; mineralogy and crystallography, 92; petrology, 102; hydro- 
geology and engineering geology, 48; prospecting, 146; economic geology including 
coal and oil, 168. If the recent improvement in the availability of Soviet geo- 
logical literature maintains, this index will stimulate a wider recognition by western 
geologists of the scientific work executed by their Russian colleagues. 


Geology and Mineral Resources of the Ivanpah Quadrangle, California and 
Nevada. By D. F. Hewetr. U. S. Geological Survey Prof. Paper 275. Pp. 
72: figs. 58: pls. 2: thls. 8. Washington, D. C., 1956. Price $2.50. 
The field work for this publication, the foremost of D. Foster Hewett’s several 
excellent contributions to the geology of the Mojave Desert, was begun in the early 
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1920’s primarily as a regional study of metallic mineralization. Although much of 
the volume is thus devoted to economic geology, coverage of the striking strati- 
graphic and structural features of the quadrangle is sufficiently thorough to elicit 
the keen interest of geologists in general. 

Of especial stratigraphic significance are the author’s descriptions of the type 
sections of the late Precambrian Pahrump series; of an east-to-west transition of 
Cambrian units from the section characteristic of the Grand Canyon region to the 
much thicker sequence of the Death Valley region; and of the southwestward ex- 
tension into California of Mesozoic formations from the Colorado Plateau province. 

Accompanying the report are a handsome geologic map and fault classification 

) 
thrusting, of both Laramide and Tertiary ages, and by normal faulting. Clearly 
shown is the spatial relationship of the metallic mineralization to the Laramide 
thrusts and to bodies of quartz monzonite that locally are intrusive into thrusts. 

Perhaps the most intriguing and provocative feature of the report is the author’s 
description of a great late Tertiary plate thought to have been thrust eastward for 
very large distances into the quadrangle, where it presumably once covered an 
area of about 500 square miles. In contrast with the Laramide thrusts, which are 
almost continuously exposed, the Tertiary thrust is now evidenced mainly by widely 
and irregularly distributed outliers, or klippen, of crystalline rocks, some resting 
upon Tertiary strata and others upon older crystalline rocks. As the roots of the 
proposed thrust remain undetected both within and west of the Ivanpah quad- 
rangle, an alternative view—that the outliers are the products of several smaller 
thrusts and/or locally have slid into place as gravity features—has been entertained 
by some geologists. The author, however, presents his case vigorously and lucidly. 


map, both of which indicate an extreme degree of deformation in the area by 


The uniformly high quality of the author’s mapping, descriptions, and interpre- 
tations is all the more impressive to the reader who is aware that 3,900 square miles 
of difficult country was covered under very trying field conditions and at the rate 
of at least 6 square miles of pre-Quaternary geology a day. In pleasant contrast 
with most geologic treatises today, this report clearly reflects the author’s deep 
interest in the history of his chosen area and his warm friendships with many of 
its inhabitants. 

LAUREN A. WRIGHT 

CALIFORNIA DIVISION OF MINEs, 

Los ANGELES, CALIFORNIA, 
July 8, 1957 


Principles of Stratigraphy. By Cart O. DuNnBAR and JoHN Ropcers. Pp. 356; 
figs. 123; tables 19. John Wiley and Sons, New York, 1957. Price, $10.00. 
This long awaited book, in size 714% x 10 inches, is dedicated to Professor 

Charles Schuchert whose work at Yale was taken over by Professor Dunbar, and 

who, with Professor John Rodgers, instituted a course at Yale entitled “Principles 

of Stratigraphy.” This book is the outcome of that course. It represents the col- 
laboration of two authors with different backgrounds of experience and in part with 
different points of view. 

The book is made up of 4 parts. Part I, the Environments of Deposition, covers 
sedimentary processes, marine, non-marine and mixed environments. Part II, 
3asic Stratigraphic Relations, deals with stratification, breaks in the record, and 
facies and facies changes. Part III, the largest, is entitled Interpretation of 
Specific Lithotopes and covers sedimentary rock nomenclature, rudites, terrigenous 


arenites, lutites, red beds, carbonate rocks, and siliceous non-fragmental rocks. 
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Part IV, Synthesis, deals with the local section, correlation, the stratigraphic sys- 
tem, and broad patterns in the distribution of sedimentary rocks. There is a 
bibliography and author index of 22 pages, and a subject index. There are many 
excellent illustrations and the large page size permits them to be displayed 
effe ctively. 

As the title states, the book deals only with the principles of stratigraphy, and 
the customary systematic accounts of stratigraphy records are omitted. The 
authors have succeeded in presenting a lucid account of the principles and have 
drawn upon excellent examples to illustrate them. The book is printed, bound, 
and edited with the customary Wiley thoroughness. It should constitute the out- 
standing text book on the principles of stratigraphy. 


Prospektion von Uran-und Thoriumerzen. By G. Zescuxe. Pp. 76; figs. 26; 
tables 6. E. Schweizerbart’sche Verlag. Stuttgart, 1956. Price, D.M. 13. 


book is written by a geologist experienced with radioactive ore 
deposits and is meant for the lay reader as well as trained technicians in geology, 
physics, che miustry nd 


T 
ala 


metallurgists. It covers the geology and geochemistry of 
uranium and thorium ores, mineral identifications and field methods. It tells where 
and how to prospect for such minerals, and the use of the Geiger counter, scintil- 
lometer, fluorescence, and radiometric analyses. It gives a long identification table 
of uranium and thorium minerals and their properties. It carries an incomplete 
bibliography of 172 items of which most are of North American and English origin. 


Geologic Field Methods. By Jur1an W. Low. Pp. 489; figs. 214; 


tables. 
Harper & Bros., New York, 1957. Price, $6.00. 


geologist of the California Company. It is meant both for the professional geolo- 
gist and as a text book (for which a price of $4.50 is set for quantity orders). 


This new manual on field methods gives the viewpoint of a practicing research 


Its 10 chapters are 1) Introduction to Surface Geological Investigations, 2) 
Organization of Field Work, 3) Living and Working Out of Doors, 4) Field 
Mapping, 5) Topography and Areal Geology, 6) Structural Field Work, 7) 
Stratigraphic Field Work, 8) Mineral Exploration, 9) Subsurface Methods, 10) 
Geologic Illustrations. A 35-page Appendix gives various mathematical tables, 
conversion charts and correction charts used in geologic field work. 


me deals primarily with field methods rather than geologic principles. 


I 
With this book an inexperienced student supposedly can proceed with field work 
without prior instruction; the procedures are detailed step by step. It is clearly and 
plainly written and adequately illustrated. It should 


for courses in field geology. 


prove a very useful text book 


Geology of India and Burma, 3rd Edit. By M. S. KrisHnan. Pp. 
14; map. Higganbothams Ltd., Madras, India, 1956. Price, Rs. 


The first edition of this book was published in 1943 and the second edition in 
1949. Since then there has been much advance in geologic knowledge of India. 
The Geological Survey has been greatly expanded, and the Government has been 
sponsoring research in the universities and in its new research centers. In addition, 
territorial changes have taken place with the formation of new states and this has 
necessitated changes in geographic designations; also new spelling for many place 


names has been introduced. The preface carries a list of all these changes. 
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[his edition carries much revision of chapters and there has been added a 
summary of the stratigraphy of the Gondwana System in the southern continents, 
since India is a part of the old Gondwanaland. The book also carries a colored 
copy of the new geologic map of India-Pakistan-Burma, on a scale of one inch 

96 miles. A geologic map of Ceylon has also been added. 

Che treatment is generally the same as in the previous edition. The chapters 
cover physical geology, structure and tectonics, review of Indian stratigraphy, the 
Archaean group and their mineral resources, which include antimony, chrome, 
columbite, copper, gold, iron ore, lead-zinc, manganese, molybdenite, monazite, 
titanium, tungsten, asbestos, beryl, corundum, gem stones, graphite, kyanite, 
magnesite, mica, and steatite. Following chapters describe the Cuddapah and 
Vindhyan Systems, the Gondwana group, and the Paleozoic, Mesozoic, Cenezoic, 
Deccan traps, and Glaciation. Selected bibliographies follow each chapter. 

[he book is nicely printed and bound, and constitutes a compact summary of 
the geology of this large area. 


The Living Rocks. By Stévan CéL£éBoNnovic, translated by Joyce EMERSON and 
S. A. Pocock. Pp. 94. Philosophical Library, New York, 1957. Price, 
$6.00. 

[his book is a first volume of Art and Nature Series photographed and devised 
by Stévan Célébonovic, with further volumes to follow. It contains a preface by 
André Maurois and a commentary by Geoffrey Grigson. 

The book carries an 8 X 111% inch page and is made up almost wholly of full- 
page size pictures. It contains 24 such plates of minerals, and 64 of fossils, with 
14 pages of commentary, along with legends for the plates. The photography is 
beautifully done and the reproduction is excellent. The choice of subject matter 
for the plates is highly artistic. It is a book one can linger over and study with 
enjoyment. 


The Exploration of the Colorado River. B 


Joun WesLey PoweLi. Pp. 138. 
Univ. of Chicago Press, 1957. Price, $3.7 


" 
5 


This book is abridged from Powell’s classical first edition of 1875 dealing with 
the exploration of the Colorado River and its tributaries, and of the first trip 
through the Grand Canyon. It carries a foreword by Leonard Carmichael, Secre- 
tary of the Smithsonian Institution, and an introduction by Wallace Stenger. 

The original volume consisted of three parts: 1) Powell’s explorations in 
1869-70, 2) Powell’s monograph on the exploration and geology of the Colorado 
River Valley, and 3) the monographs by Coues and Goode on the Colorado rodents. 
The last two parts have been omitted from this volume, which contains Powell’s 
account of the first voyage through the canyons of the Colorado with a few of his 
original illustrations. 

Powell’s trips were among the great feats of early western American explora- 
tion and his journal is a tale of thrilling adventure associated with scientific dis- 
covery. It has become a classic of Western Americana, and required reading in 
many departments of Geology. This abridged edition offers opportunity for all 
to become acquainted with one of the thrilling exploratory adventures of the West. 

The hundreds of miles of canyon exploration are considered in 8 chapters, deal- 
ing with as many sections of the route; the last two are about the Grand Canyon 
and the Rio Virgen. Here are vivid descriptions of the colossal canyons, the tale 
of 4 boats and 10 men who became reduced to 6, the hardships and privations, the 
Indians, and sketches of the geology of this awe-inspiring country that is now 
preserved in National Parks. 
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Introduction 4 L’Etude des Roches Métamorphiques et des Gites Métalliféres. 
By Pierre Larrittre. Pp. 338; figs. 16; tables 10. Masson et Cie., Paris, 
1957. Price, 4000 fr. 
rhe author of this book is Director of the Bureau of Geologic, Geophysical, and 

Mining Research of metropolitan France. It carries a preface by E. Raguin, well 

known as the author of a text book on economic geology. The title carries a sub- 

title ““Physico-Chimie et Thermodynamique.” 


ie author brings to this subject a background training in physical chemistry 








and studies of metamorphic rock formations in the Alps and in Brittany. He now 
brings together modern concepts of chemical equilibria, solidification diagrams and 
thermodynamics to the study of petrogenesis. He divides his work into 4 parts. 
Part I, Physical-Chemical Generalities, with two chapters deals with elementary 
particles. Part II, the Chemical Composition of Rocks, has three chapters on 
chemical generalities, chemical analyses, and petrochemical calculations and repr: 
sentations. Part II1l, Thermodynamics, is composed of four chapters on thermo 
lynat ic generalities de scription of some phases, equilibrium between different 
phases, and hydrothermal problems. Part IV, also of four chapters, is entitled 
Petrology or Metar orpl ic Rocks. These are generall i Metar O pl ism 
etl f study of Metamorphic rocks, equilibrium in lism, and move 
ments of material The last chapter goes into metamorphic differentiation, meta 
somatism, the cycle of water, and metamorphism and allogeny. He believes 
that metamorphic differentiation can account for many examples of ore deposits, 
nut « 9 leep-seated sources of mineralizing fluids. Extensive bibliog 
iphies follow each part 

lhe book assembles a great deal of petrologic information and has been care 
fully prepared and written as would be expected of Dr. Laffitte. It should prove 


1 useful French text book and a general reference work on metamorphism. 


BOOKS RECEIVED 
AMES M. ALLEN AND JOHN W. SALISBURY 


Experiments on the Possible Relationship Between Soil Resistivity and 
Dowsing Zones. S. W. Tromp. pls. 41. Foundation for the Study of 
Psycho-Physics, Leiden, Holland, 7). A follow-up of the author's “Ps 





hical Physics 17) depicting by text and many charts certain cor 

relations betwee tions indicated by non professional dowsers and magnetometer 
and resistivity s eys over the same ground; checked by skin cardiograms of per 
forming dowsers; interesting correlations. 


The Faunal Connections Between Europe and North America. C. H. Linp 


ROTH. Pp. 344; figs. 74. Price, $15.00. John Wiley & Sons, New York; Alm 


qvist and Wiksell, Stockholm, 1957. Fresh water and land animal species common 
to both areas; human transport of animals; pre-human relationship between Pala 
arctic and Nearctic faunas; extensive bibliography. 


Bureau de Recherches Miniéres de L’Algérie, Bull. Pp. 81, illust. Alger, 


1957. Geology and copper, lead, and zinc mineralization ae Bou Soufa and Oued 
el Kebir at ( abal by G. Tayeb and M. M. Rerkell and Waline; metallogeneti 
Ss [ ud lé 5 h \ J - | ] ; { z 


Economia Minera. Edicion Extraordinaria—lér Aniversario. Nos. 1 and 2. 
Pp. 262. Buenos Aires, Argentina, 1957. Papers on the mineral production and 


resources of Argentina. 
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Bulletin des Seances. Tome II, No. 6. Pp. 386, pls. 12; figs. 18. Price, 150 
francs. Academie Royale des Sciences ( oloniales, Bruxelles, Belgique, 1956. 


Papers in geology, medicine, sociology, et In French and Flemish. 


Geology of the Antler Creek Area Cariboo District, British Columbia. A. 
SUTHERLAND Brown. Pp. 103; pls. 9; figs. 23; tbls. 4. British Columbia De 


partment of Mines, Bull. 38, Weein 1957. Structure, stratigraphy, petrology 


and economic geology of the Cariboo qold quartz area. Two mines have an annual 
production of 1% million dollars in gold. 


British Guiana Geological Survey, Annual Report for 1955. G. M. Srock.ey, 
Director. Pp. 129; maps. Price, $2.00. Georgetown, 1956 (1957). 


Ceylon, Administrative Report of Government Mineralogist for 1956. 
FERNANDO. Pp. 24. Price, 60 cts. Colombo, 1957. Non-metallic minera 

supply and Summary of general geology of 5 s} 

The Structure of an Archean Area: Orijarvi, Finland. Herkki V. TUOMINEN. 
Pp. 32; pls. 6; figs. 16. Bulletin de la Commission Géologique de Finlande. No. 
177. inki 57. Geology of metamorphic terrain in S. W. Fin 

log omagnetic and electromagnetic maps accompanying the report 

lish 

Bericht iiber das Vorkommen von Uran in Baden- Wiirttemberg. FRANZ 
KIRCHHEIMER. Pp. 127; pls. 6; figs. 12. Abhandlungen des Geologischen Land 
samtes in Baden W iirttemberg. Heft 2. Freiburg, Germany, 1957. Geology and 


history of uranium production in the famous Freiburg region. t German 


Geology of the Bawku-Gambaga Area. E. A. Repmonps. Pp. 54; figs. 11, 


maps 3. Gold Coast Geological Survey Bull. 19. Accra, Gold Coast, 1956 (1957 


7 


> . . . , : . 
General geolog jeologt listory, petrograpny of Schists, petrogenesis, SOUS, wate? 
i ye y 


f 
resources 
Depositional Environment of the Wreford Megacyclothem (Lower Permian) 
of Kansas. Dona.p E. Hattin. Pp. 145; pls. 22; figs. 6; tbls. 2. Kansas Geo 
logical Survey Bull. 124, Lawrence, 1957. Complete stratigraphic description 


of the Wreford limestone and adjacent shales; nature and significance of the 
sedimentary rock types. 
Sands of the Merrimack Valley. Part XVI, Mineral Resources Survey. 


LAWRENCE GoLpTHWAIT. Pp. 19; pl. 1. New Hampshire State Planning and 


s 


Development Commission, Concord, 1957. Geologic history of the Merrima 


} 
Valley, nature of the sands occurring there and their uses 

Precambrian Geology and Mineral Resources of the Brier Hill Quadrangle, 
New York. Ricuarp V. Dierricn. Pp. 118; pls. 21; figs. 7; tbls. 7. New 
York State Museum and Science Service, Bull. 354. Albany, 1957. Regional 
geology of a complex metamorphic and igneous terrain in northern 

Building and road materials are the only economic products; unusua 


1gneous ? ks 


Petrology of the Lower Mesozoic Rocks of the Wellington District. 
Reep. Pp. 55; pl. 1; figs. 36; tbls. 8. New Zealand Geologic: ul Survey, Bul 
Wellington, 1957. Stratigraphy, structure and petrograp 


ican rocks of the southern tip of North Island. 


Ontario Department of Mines Sixty-fifth Annual Report. Vol. LXV, Pt. 3, 
1956. Pp. 121; figs. 10; maps 2. Toronto, 1957. A Sudbury basin number with 


three papers: Geology of the Sudbury Basin by J. E. Thomson; Glowing Avalanche 











Deposits of the Sudbury Basin by Howel Williams; and Copper Cliff Rhyolite in 
VU K m Township, | / ( Phem sie? The Basin is more ompli ate 1 than sup 


posed Phe Sudbur nirusion as a po ith 1s unter 1bl 


Annual Repoxit of the Geological Survey Somaliland Protectorate. Pp. 13 


Pri Shs. 2/50. 195, Operations of the geological survey from April 1956 to 
Varel h 1957 Vineral exports were 1680 lbs. columbite, tantalite and 16 tons of 

i tantalite ] ns of 
beryl; investigations of cassiterite and qypsum 


Mineralogy of the Barberton Gold Deposits. |. E. pe Vittiers. Pp. 60; pls. 


10 South Africa Geological Survey Bull. 24, Pretoria, 1957. Microscop stud) 
of ores with arsenopyrite and pyrrhotite, pyritic ores, lead-bearing ore, antimonial 
ore. and gold mcentrates The first three are part of same mineralization 
Bulletin of the a Gostegiest Survey of Tolenn. No. 8. Pp. 115; pls. 10; figs. 6; 
tbls. 12 Taipei China, 1956. Five pape rs concerning some aspects of the 
stratigrapl ind pa ntology of the tsland of Formosa 


A Preliminary Report on the Straticraphy of the Uranium-Bearing Rocks of 
the Karnes County Area, South- peepee Texas. D. Hove Earcie and Joun L. 


SNIDER Pp. 30: figs. 5. Price, 50 « University of Texas, Bureau of Economic 
Geology Report of Investigations No "30. Austin, 1957 1 preliminary investiga 
f10on ry thre siratig If ay 1 rre lat ” Ty thre [ fentia ] minmm-pr lu Ing heds 
of the area from a) holes and surface exposures Prepared in cooperation with 
the ( S. Ge } S é 


Introduccion a la Memoria del Ministerio de Minas e Hidrocarburos (Pre- 
sentada al Congreso Nacional en Sus Sesiones Ordinarias de 1957). Pp. 96 


; ah: pee th : 
pls. 4; figs. 12; tbls. 27. Caracas \ enezuela, 1956. Record of mineral and oi 
production for 195 Includes production figures for iron, gold, diamonds al 

; } & L ; lL, >) , ] . . J ; . oa J 
pyrite, phosphates, 1 el, manganese, and uraniun Estimates of reserves and 
future pr { } 


Geology and Economic Resources of the Ohio River Valley in West Virginia. 
Pp. 149: pls. 2: figs. 200: thls. 19. West Virginia Geological Survey, Vol. XXII, 


Morgantown, W. \ 1956. Detailed areal study in three parts. Part I, by A. 7 
Cross and M. P. Schemel, deals with general geology, origin and nature of the 
rocks and s« nents, thetr stratigrat paleontology, and structure Part II. also 
by Cross and Schemel, is Economic Resources with chapters on origin, occurrence 


and uses of coal, oil and gas, rock salt and brines, clay, sand and gravel, limestone 


and sandstone n and sulfur, and wate? Part IIT, by C. W. Carlston and G. D 
Graeff, J? f the S.G.S.. deals with ground-water resources Vinimum of dry 
lescription as with the other two parts. All aspects of ground-water ‘overed from 
its sources and movement to permeability of water-bearing materials 


Major Activities in the Atomic Energy Programs January-June 1957. Pp. 


257: fies. 15: tbls. 28. U.S. Atomic Energy Commission, Washington, D. C., 1957 
Molybdenum—A Materials Survey. Witmer McInnis. Pp. 77; tbls. 22. Bur. 
of Mines Inf. Circular 7784. Washington, D. | 1957. This is the 13th Ma 
terials Survey published by the Bureau of Mines, 12 being under the direction of 
the National S writy Resources Board, this one under the director of the office of 
Defense M F t04 Covers histor aeoloa resources. technol production 
uses, trade, statistics ntrols. 


Colorado School of Mines—Golden, 1957. 
Vol. 52, No. 2. Bibliography of Fossil Algae: 1942-1955. J. HarLan JoHN 


son. Pp. 92. Price, $1.00. Indexed by genera, family, etc., geologic age, subject 
and geograpl Extensive annotated bibliography. 
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Vol. 52, No.3. Behavior of Materials in the Earth’s Crust. Pp. 306 


3/ ; 
ice, $2.00. Papers and discussions from the Second Annual Symposium 


tbls. 5. 4 


1 
m Rock Mechanics. Basic concepts and practical application to mining 


ai }. 


Geological Survey of Egypt—Cairo, 1955-56. 


Geology of El-Mueilha-Dungqash District. M. F. Er-RAmiy and D. M. A 
Pp. 44; pls. 17: tbls. 5. Price. P.T. 90. Two maps. scale 1: 100.000 


The Dolomite and Dolomitic Rocks of Gebel ‘Ataga. M. A. Z‘arourt. 
pls. 9; tbls. 10. Price, P.T. 60. Locations and quarrying possibiliti 


scale 1: 100,000. 


Geology of Wadi Garf District. M. Sapper Mansour and F. A. Bassy! 
34; pls. 17; figs. 5; tbl. 1. Price, P.T. 100. Economic chromite an 
Vap. scale 1: 100.000. 


Illinois Geological Survey—Urbana, 1957. 


Circ. 225. apne Water Geology in South-Central Illinois. L. F. Se_Krecc, 
W. A. Pryor and J. P. Kempton. Pp. 30; figs. 7. Probable location of 


Rept. of Inv. 200. Chemical Analyses of Illinois Limestones and Dolomites. 
J. E. LaMar. Pp. 33; tbls. 2. More than 700 chemical analys 
stones and dolomites 


Rept. of Inv. 201. Types of Late Cenozoic Gastropods in the Frank Collins 
Baker Collection, Illinois State Geological Survey. A. Byron LEoNnArpD. Pp. 
23: pls. 4. 34 typ 


North Dakota Geological Survey—Grand Forks, 1957. _— 5. (Sixth 
Revision.) Pp. 119. Contains information from all well records l 


We ( 
V.D.G.S. through April 15 5 Well information includes 
location, permit number, elevation, total depth, completion data 


( and 


tion. Corrections and additions make all previous issues of Circular 5 out of date 
Production Statistics and Engineering Data Oil in North Dakota First Half 
1957. Pp. 40. Statistics of pools. 


U. S. Geological Survey—Washington, D. C., 1957. 


Prof. Paper 274-M. Metamorphism and the —_— of Granitic Rocks, North- 
gate District, an [. A. Steven. Pp. 335-377; figs. 4; pl. 8. Discussion 
of the progressive metamorphism, granitization, geo? local rheomorphism of a lay 
ered se quence of Prevaniota rocks, and of the later emplacement and denteri 
alteration of an unrelated granite stock. 


Prof. Paper 282-B. River Channel Patterns: Braided, Meandering and 
Straight. Luna B. Leopotp and M. Gorpon WortMaAn. Pp. 85; figs. 30; tbls. 
14. Continuation of physiographic and hydraulic studies of rivers. Channel cross 
section and pattern ultimately controlled by discharge and load provid 


drainage basin; braiding does not necessarily indicate excess of total load, and 
mechanics which may lead to meandering operate in straight channels. Ex 


treatise. 


‘ellent 


Prof. Paper 283. Mississippian Cephalopods of Northern and Eastern Alaska. 


MACKENZIE GorDON, Jr. Pp. 61; pls. 6; figs. 26; tbls. 2. 


Descriptions and illus 
trations of 43 nautiloids and ammonoids and correlation of the assemblages with 
European Carboniferous goniatite zones. 

Prof. Paper 290. Geology and Mineral Resources of the Congonhas District 
Minas Gerais, Breas. Puitie W. Guitp. Pp. 90; figs. 35: pls. 9. General 
geology, geologic history, and metamorphism of Precambrian sediments and iqneous 
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ultered itabirite 
on of origin of tron sedimen 


Prof. Paper 294- A. North America Mesosoic Charophyta. RAyMonp 
Py ry! flies d The ‘ . and 12 


jenera of present 


istrated. 


Bull. 1000- F. 


i) 


r 
Vege 


Bull. 1000-G. Geochemical Prospecting Abstracts July 1952-December 1954. 
JANE EspNeR Erixson. Pp. 38. Price, 20 cts. recent literature on 
the techniques of geochemical, biogeochemical and obotanical prospecting. 


Bull. 1019-F. Selected Annotated Bibliography of Thorium and Rare- Earth 
Deposits in the United States ne Alaska. KATHERINE L 


suck. Pp 
; 


20 1. 1: fig. ] Price, 40 cts. l/ses 


ng with thorium and the 1 arth metals in ? 1 Stat 


resum rT the 


es and 


Bull. 1021-L. Geology of the Area East and S.E. of Livingston, Park County, 
Montana. Pa W. Ricuarps. Pp. 385-438; nis. 3 al all 


ind igneous ’ RS 


Bull. 1024-I. Tungsten mropestte in the Fairbanks District Alaska. 


SYEI r ) , o: + 3 ice, $1.00. Description 
Sci 


estions for further prospecting. 


Bull. 1029-A. Annotated Bibliography of the Analytical sang of Ni- 

obium and Tantalum January 1935-June 1953. Frank ( rit Pp. 65 

Price, 25 cts 

Bull. 1032-C. Geology of the Wood and East Calhoun Mines Central City 

District Gilpin County, Colorado. AVERY A. Dr AKE, Jr. Pp. 40; plates 4; 
tbls. 7 Price. $1.00. ¢ al , , 

le veins f 
Bostonite 


SSeS Fut 01 > as not bright. 


j 


Bull. 1036-L. A Field Chromatographic Method for Determination of Ura- 
nium in Soils and Rocks. CuHartes E. THompson and H. W. Lakin. Pp. 11; 


Th 


2: thls. 6. Price, 15 cts 1 fast simple method for uraniu 


mt ana Sis an Tile 


each Sands of Puerto Rico. 


33; pls. 1; figs. 4; tbls. 6. Price, 


Bull. 1042-I. A Reconnaissance Study of the 
Rosert B. GurLitou and JEweLt J. Grass. Pp. 3 


° . ’ , ’ ’ , 
6U cts HM} UUU T SUU UUU tons of maqnetite are ima ate uwmenite and i? f 


mite 
wre also found. Sphene is a minor constituent of the sands and zircon its rare. 

Bull. 1045-B. Core Logs from Two Test Holes Near weep San Bernardino, 
California. D. D. Dickey. Pp. 63-79; fig. 1; pl. 1. Detai ogs of stratigrapl 


i taterna? ind Tertiary sediments. 
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Bull. 1047-A. Coal Geology of the White Oak Quadrangle Magoffin and 
Morgan Counties, Kentucky. W. L. Apxison. Pp. 23; pls. 4; figs. 6; tbls. 2. 


Coal of high volatile bituminous rank and small amounts of cannel coal in Penn 


sylvanian rocks otal estimated original reserves of 92 million tons in beds more 
than 14 inches thick. 

Bull. 1049. Bibliography of North American Geology 1940-1949, Part 1, Bibli- 
ography, Part 2, Index. Rutn R. Kinc, Emma M. Tuom, Evisazetu S. Loup 
and Marjorie Hooker. Pp. 2205. Price, $1.50. The customary decennial bibli 
ograpl y and m lex greatly enlarged. 

Bull. 1054. Bibliography of North American Geology, 1954. Rurn ReEEc! 
KiNp and others. Pp. 273. Price, $1.50. 

Bull. 1059-A. Selected Annotated Bibliography of the Geology of Uranium- 
Bearing Coal and Carbonaceous Shale in the United States. T. M. KeHN 
Pp. 1-28. 

Bull. 1059-B. Selected Annotated Bibliography of the Geology of Uranium- 
Bearing Phosphorites in the United States. Diane Curtis. Pp. 29-58. 

Bull. 1066-A. Geophysical Abstracts 168, January-March, 1957. Mary C. 
Rapgsit et al. Pp. 1-94. 

Water-Supply Paper 1371. Ground-Water Resources of the Ainsworth Unit, 
Cherry and Brown Counties, Nebraska. J. C. Cronin, T. G. Newport, and 
R. A. Kriecer. Pp. 120; figs. 20; pls. 2; thls. 7. Geology, water-bearing forma 
tions, hydrologic properties, ground water, chemical quality. 

Water-Supply Paper 1411. The Deep Channel and Alluvial Deposits of the 
Ohio Valley in Kentucky. E. H. Wacker. Pp. 25. Only source of large sup- 
ply of good, cool water of area; in Wisconsin gravels. 





SOCIETY OF ECONOMIC GEOLOGISTS 


PROGRAM OF ANNUAL MEETING—ATLANTIC CITY, NO\ 


SCIENTIFIC SESSIONS 


M Business meeting of 1 Group, Mandarin Room, 
Haddon Hall. 


Tuesday, Nov. 5,4:00 p.m. S.E.t 

Wednesday, Nov. 6, 12:30 p.m 
don Hall. 

Wednesday, Nov. 6, 1:30 P.m. 


x, Council meeting, Library of Haddon Hall. 
S.E.G. Luncheon, Wedgewood Room, No. 2, Had- 
Presidential Address by C. H. Cady on 
Geology and the Coal Industry, following the luncheon. 

Aft 


er each paper 5 minutes is allowed for discussion ) 


TUESDAY AFTERNOON, RUTLAND ROOM 
ECONOMIC GEOLOGY—I 


MerepitH E. JoHNSON and Jonn H. MEtvin, Co-Chairmen 


Lloyd L. Ames, Jr.: Chemical analyses of the inclusion fluids in a group 
f 


Vew Mexico minerals 
G. Petersen,* J. C. Hamilton, and A. T. Myers: Occurrence of rhe 


ith uraninite, im Co oO County, Aris 


R 


ona 
. 


3. Hostetler,* C. L. Christ, and A. D. Weeks: 


of uranium, vanadium, copper, and molybdenum minerals in 
| waters at low temperatures and pressures 
Significance of S**/S** ratios on the origin of sulfides in 


ls “she f tho ] »] m9 
deposits of the Colorado Plateau 


S. Adams * and Keith Richardson: Thorium, uranium, and 


tassium contents of bauxite 
rnes: 7Trace-element distribution in shales near the Hanover, 

rico, mining areas 

Engel and C. Patterson *: /sotopi ym position of lead in Lead 

imestone, h ydrotl €) mal dolomite, 1d asso iated ore 

ich D. Holland: Thermochemical data, mineral associations, and 

e Lindgren classification of ore deposits 


harles T. Illsley: Hydrogeochemical exploration 


for uranium in the 
Mount Spokane area, Washington 





WEDNESDAY MORNING, VERNON ROOM 


ECONOMIC GEOLOGY I] 


Smith 
Indiana 
A. Parker 


i 


SDAY MORNING, MANDARIN ROOM 
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Alonzo W. Quinn * and Herbert D. Glass: Rank of coal and meta- 
morphic grade of rocks of the Narragansett Basin of Rhode Island 
A. Friedman: Distribution, thickness, and origin of sinuous sand- 
stone lenses of the Allegheny Series, Vigo County, Indiana 
Taisia Stadnichenko: “Clarke” concept and its use in geochemistry 
Donald Gednetz and Harold R. Wanless *: Environmental mapping of 
the St. David cyclothem, eastern and western interior coal basins 


TUESDAY AFTERNOON, MANDARIN ROOM 
COAL—II 


JSERNHAGEN and Lewis H. KiNG, Co-Chairmen 


Denton: Plant microfossil assemblages in Lower Allegheny 


beds of northeastern Ohio, western Pennsylvania, and northern 
Virginia 
B. Winslow: Plant megaspores from coals of Illinots 


A. Brant: Coal-resources studies in Ohio 


SINESS MEETING, GROUP ON COAL (GSA) 
James M. Scuopr and CHarLes E. Wier, Co-Chairmen 

Report on Gordon Conference. William Spackman, Jr. 
Report on Valkenburg Meeting. Sabri Ergun 
Reports of Committees : 

3ibliography. Irving A. Breger, Chairman 

Publications. Paul Averitt, Chairman 

Coal Petrographic Terminology. G. H. Cady, Chairman 


* Speaker 





SCIENTIFIC NOTES AND NEWS 


Engineers of American 


Institute of Mining, Metal- 
ha at STANLEY D. Micu 
Engineer, Western Mining Division, 
d for 1958 President of the 


ivineers, AELSON, 
Kennecott 


oppet 
rt 
p-» i I oociety. He also will serve 
s Director of AIME. 

SIDNEY GROFF joined the staff of Montana Bureau of Mines 


eroundwater br 


1 


and head of the 


oLlog 1ST 
LOY IST 


\ gical Societies of Belgium held 
devoted I 


1 f the Geomorphology 
B 7 : z 


C1 LP 19 Ue 


20-23, 
Haute 

(JEORGI 
Sity, Halif 


1s, Carnegie Professor of Geology 
I now retired from the chair and has set up : 
Geologist with at 


¢ it 16 Duplex Ave 
WESTON 


a Consulting 
n loronto. 


Cor 


ho directs exploration activities for the 
any 


Utah Construction 
| , Vice President of Utah Deve lopment Company, Utah 
Construction Com] loration subsidi ll as a director of Lucky Mc 


1 
ary, aS Well 
Uranium Corporation. 


WALLACE ( 


has joined 


+ BELL, senior geologist for Gulf Oil Cor 


at Casper, Wyoming, 
University of Missouri 


» he will teach structural 
and cl subjects. 


geologist, and GERALD H. WeEsrTBY, pt 


re new members of the board of trustee 


MENDENHALL died on June 2 at the age of 86 year 
1 the United States Geological Survey after 48 
Staff. He was 


a former director of the 
\.A.P.G. 


Merce H. Guise has |! 
Guanajuato, Mexico. 


years of service 
Survey and an honorary 


een traveling in Mexico and is now at Instituto Allende, 
FELIX E. WoRMSER ied as Assistant Secretar 
Wormser has rejoined St. Joseph Lead Co., New York, ¢ 

tion held prior to enter 


ring Government service in 


laS resig! 


Behre Dolbear & Co. 
GES and CuHesTeER M. F. PETERS are in 
Liott E. Cueck, and B. H. McLeop are 
\. F. BANFIELD has been 


are 


Inc., Ne W York, 
I: 


ine¢ 
in Cuba 11Ssion. 
LINDGREN has been appoin chief mining geologist for tl 
lway Co. wi 


\’ 1 
e North- 
ith headquarters at St. Paul, Minn. 





Australian 
to 16 loc: 
cover 
Geology 
s in the 
scientific meetings. Mr. Rayner 
netist 


Geoma 


OLIVER G YMOUR an \ IMMER. Iron 


Hanna Co., 


exploration work 


examinations and 


% 2 7 
or reologic i 


R. Lee Aston |] line geologist of 
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738 SCIENTIFIC NOTES AND NEWS 

H. W. Srracey, III, has moved his offices from 1122 Mercer Street, 
Seneca Trail Building, Honaker Avenue and Walker Streets, both 
West Virginia. 


Virginia 


to the 
in Princeton, 
His mailing address remains the same—Box 68, Princeton, West 


DoNnNALD TOWSE is now 


Aluminio Ltda. 


in Brazil where he is Project Geologist for Kaiset 
His address is Caixa Postal 686, Belém, Para, Brasil. 


WILLIAM E. Benson has been appointed Program Director for Earth Sciences 


in the Division of Mathematical, Physical, and Engineering Sciences of the Na 
tional Science Foundation in Washington. Dr. Benson joined the f 
Foundation in January, 1956, and has served 


Earth Sciences since September of last year. 


staff of the 
as Acting Program Director for 
He will supervise the Foundation’s 
program for research in earth sciences. During Fiscal Year 1957 the National 
Science Foundation made 54 grants, totaling $770,150, for basic research in the 
earth sciences. 

Epwarp H. EAKLAND, Jr. and Ropert W. Osterstock announce their associa- 
tion as consulting mining geologists at 700 Newhouse Bldg., 10 Exchange Place, 
Salt Lake City, Utah. Mr. Eakland, Jr. was formerly with the American Metal 

he U. S. Geological Survey. 

[AN CAMPBELL, Executive Officer of the Division of Geological Sciences, Cali- 
fornia Institute of Technology, succeeded J. Murray Luck, Professor of Biochemis- 
try at Stanford, as President of the Pacific Division, A.A.A.S.; while Henry 
Eyring, Dean of the Graduate School of the University of Utah, became the 
I 


new 


) 


resident-elect. 


ANpDRE L. BrIcHANT has changed 
of Mines and Geology, Ministry of N 


his address as follows: Adviser to the Director 


ational Economy, Rabat, Morocco. Formerly 
} 


he was Adviser to the State Planning Bureau in Jakarta, Indonesia. 
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Two important new titles in geology .. . 


PRINCIPLES OF STRATIGRAPHY 


CARL O. DUNBAR and JOHN RODGERS, doth of Yale University. This 


irks the first attempt since Grabau’s, in 1913, to unify the enormous and 


literature on stratigraphy. It approaches the subject from the int of 
principles used in (1) describing the strata as they occur in sequence 
; a" 


is, (2) correlating these local sections, and (3) interpreting the strati 


cords—both rocks and contained fossils—in terms of the past history of 


rage begins with a discussion of the environments of deposition, fol 
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rpretation of specific lithotopes. The final section of the book treats 
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s are illustrated inductively by examples from the stratigraphic 


emphasis throughout is on synthesis and the interpretation of data. 


than 130 carefully chosen illustrations and photographs accompany the 


lhey include many maps and cross sections showing sedimentary environ 
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and stratigraphic relations. Critical parts of all drawings and of many 


learly labeled to ensure easy comprehension. /957. 


A TREATISE ON LIMNOLOGY 


Vol. |—Geography, Physics and Chemistry 


By G. EVELYN HUTCHINSON, Yale University. Gives a thorough account 


sequence of geological, physical, chemical, and biological events that operate 
na lake basin. The book is an invaluable reference for geologists who 
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Che second volume of the treatise will deal with limnobiology 

ological, typological, and stratigraphic problems of lake development. 


4pprox. 925 pages. Prob. $18.00. 


Send today for your examination copies. 
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For precision microscopy with polarized light 


Es POLARIZING microscopes 
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In such fields as geology, mineralogy, 
petrography, coal research, plastics, bi- - > 
ology,.chemistry and biochemistry, there 

is a Leitz POLARIZING Microscope de- 

signed to meet every requirement. No 

other manufacturer offers such a wide 

variety of polarizing microscopes and 
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ards of quality and design. 


Leitz polarizing 
microscope, Model AM 
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